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ABSTRACT 

Coupled transaminations involving glutamate-pyruvate transaminase 
(GPT) in providing for citric acid cycle (CAC) flux and CAC concentra- 
tion changes during muscular exercise was examined. Varied trains of 
electrical impulses, delivered directly to isolated, in situ dog gastroc- 
nemius muscles, were used in producing two levels of submaximal metabolic 
activity. Blood and muscle tissue sample intervals were selected to cor- 
respond to the steady state exercise conditions. Arterial-venous 
differences for glucose, lactate, pyruvate, alanine and lysine, plus 
muscle concentrations of glycogen, alanine and lysine were used to esti- 
mate the percentage of carbohydrates used for oxidative energy supply, 
£0, (CHO) , the rate of production of aketoglutarate (akKG) by GPT and the 
flux rates of the malate-aspartate shuttle and CAC. 

Estimates of 4V10.,( CHO) revealed that under resting conditions, 10-14% 
of the total energy supply of the muscle was from carbohydrate. In exer- 
cise, similar estimates showed that carbohydrates provided 58-76% and 
44-62% of the substrate for "mildly" and "severely" stimulated muscles, 
respectively. oakG from coupled transaminations involving GPT was estimated 
to account for 1-5% of the oxidative energy needs of resting muscle whereas 
during both intensities of exercise, this source accounts for 7-12% of the 
oxidative demands of the muscle. The absolute quantities of akG generated 
from GPT and coupled transiminations was found to be small, in the order 
of 0.003 - 0.017 uM of okG/g/min at rest and 0.111 - 0.230 uM of akG/g/min 
during both intensities of exercise. These data suggested that only small 
concentration changes in the CAC intermediate pool of skeletal muscle could 
be associated with this repletive mechanism during steady state submaximal 


exercise. 
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INTRODUCTION 

Research into the physiology and biochemistry of exercise over the 
past several decades has served to focus attention closely on the muscle 
cell. Accumulating data have led logically to questions of the biochemi- 
cal relationships responsible for the physiological properties of the 
muscle cell, particularly in light of the identification of muscle fiber 
types. The relationship existing between cell type and metabolic factors 
has been highlighted by the correlation of the anatomical and functional 
requirements of a muscle, the relative occurrence of specific fiber types 
in the muscle, and the recruitment patterns of fiber types during muscu- 
lar activity (Close, 1972; Gollnick et al., 1972b; Burke and Edgerton, 
1975; Edgerton, 1976). 

It is now commonly accepted that mammalian muscle is composed of 
cells which differ significantly in contraction time, peak tension devel- 
opment, fatigue resistance and primary metabolic pathways for energy 
production (Close, 1972; Ariano et ali, 1973: Burke and Edgerton, 1975). 
Although knowledge of the interplay of speed, force and duration require- 
ments in influencing recruitment patterns of specific fiber types is 
incomplete, present data (Gollnick etal 1973¢c,7> da: 197445 b37 1975; 
Edgerton et al., 1975, Wenger and Reed, 1976) suggests that high inten- 
sity, short duration exercise requires substantial recruitment of fast 
twitch, readily fatiguable fibers. On the other hand, prolonged sub- 
maximal muscular activity relies upon the sustained recruitment of the 


fatigue resistant pool of fibers. 
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The physiological phenomenon of fatigue resistance depends speci- 
fically on the metabolic pathways which supply energy to the muscle cell 
(Close, 1972; Burke and Edgerton, 1975, Wenger and Reed, 1976). Muscle 
fibers which rely predominantly on glycolysis for energy production are 
rapidly fatigued. High intensity exercise requires a high rate of 
energy production and glycolysis is geared to meet this demand (Lehninger, 
1970; Keul et al., 1972). However, glycolysis alone, releases only a 
small fraction of the chemical energy available in the glucose molecule 
(Keuleetoalnset97c jan Lactic acid is almost as complex a molecule as 
glucose since its carbon atoms remain in the same oxidation state, 
retaining on the average the same number of hydrogen atoms per carbon 
(Lehninger, 1970). Moreover, lactic acid accumulation in the muscle 
cell may directly inhibit the contractile process (Katz, 1970), or 
contraction-related metabolic events in the cell (Danforth, 1964; Nocker, 
1964, Edgerton et al., 1975). 

Oxidative metabolism is ideally suited to meet the energy require- 
ments of muscular work since 18 fold more energy can be derived from 
glucose if oxygen is the final hydrogen acceptor than when pyruvate 
serves as the substrate (Lehninger, 1970). In addition, the overall 
plan of oxidative metabolism has as its basis the Kreb's citric acid 
cycle (CAC) and oxidative-phosphorylation, the final common pathways 
in which all fuel molecules of the muscle cell, carbohydrates, fatty 
acids, and amino acids are ultimately degraded to water (H0) and 
carbon dioxide (CO.) (Lehninger, 1970). 

The oxidative demands on muscle are known to increase by thirty 
fold or more in the transition from rest to maximum contractile activity 


(Chapler and Stainsby, 1968; Stainsby and Fales, 1973; Hirche et al., 
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1971, 1975). This energy demand for the predominantly oxidative 
resynthesis of adenosine triphosphate (ATP) is associated with 2 re- 
alignments in the CAC, namely, increased flux through the CAC enzyme 
complexes (Keul et al., 1972) and a sustained increase in the concentra- 
tions . af the CAC intermediate pool (Keul et al., 1972; Edington 
etralit, 1973; KOz1o) andsedington, 1975). 

Such realignments in oxidative metabolism necessitate precise inter- 
_ action of glycolysis, the malate-aspartate shuttle and the citric acid 
cycle (Figure 1). The malate-aspartate shuttle appears to be a princi- 
ple way in which glycolytically-generated reducing equivalents are trans- 
ported from cytosol to mitochondria in skeletal muscle (Koziol and Eding- 
ton, 1975). Hence, intramitochondrial o-ketoglutarate ( oakG) and oxalo- 
acetate (OAA) are at metabolic crossroads and the metabolic fates of 
these metabolites are determined not only by reactions in the CAC, but 
also by cytosolic events which share these key metabolites. The CAC, 
therefore, appears to be regulated such that entry of OAA and akG into 


the 1st and ond 


spans of the CAC, respectively, or diversion into the 
malate-aspartate shuttle may occur (Figure 1). 

Net gain in the total tissue CAC intermediate pool cannot be a 
direct result of increased rate of acetyl-CoA entry into the cycle since 
two molecules of C0. are formed per cycle turnover and net additional 
OAA is not generated (Keul et al., 1972). Increased tissue levels of 
the CAC intermediate pool therefore requires precursors which are not 
originally part of the CAC pool. A number of CAC anaplerotic CT ihlang 
up") mechanisms for skeletal muscle have been proposed with this in mind. 


Fixation of C0. as a mechanism for converting mono- to dicarboxylic 


acids has a low activity in skeletal muscle because of the absence of 
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Abbreviation key for Figure 1 


pFFA 
FFA 
TG 
AcCoA 
OAA 
Cir 
aKG 
ma] 
aa 
asp 
glut 
ala 
1,3DPG 
pyr 
lact 
NAD 
NADH 
CAC-C 


plasma free fatty acids 

free fatty acids 

triglycerides 

acetyl CoA 

oxaloacetate 

citrate 

a-ketoglutarate 

malate 

amino acid 

aspartate 

glutamate 

alanine 

1,3 diphosphoglycerate 

pyruvate 

lactate 

nicotinamide adenine dinucleotide 
reduced nicotinamide adenine dinucleotide 
citric acid cycle carbon skeleton 
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pyruvate carboxylase (Equation 1: Lehninger, 1970) and the limited 
activity of malic enzyme in the direction of malate synthesis (Equation 
2m Moleseteale. 1973)". 

(1) Pyruvate + CO, + ATP <—— oxaloacetate + ADP + P. 
(abbreviation key: ADP, adenosine diphosphate; Pi, orthophos- 
phate) | 

(2) Pyruvate + CO, + NADPH + H) == Malate + NADP 
(abbreviation key: NADPH, reduced nicotinamide adenine di- 
nucleotide phosphate; NADP, oxidized nicotinamide adenine di- 
nucleotide phosphate). 


The "purine nucleotide cycle" may play a role in net generation of 


CAC intermediates (Equation 3: Lowenstein, 1969; Lowenstein and Tornheim, 


197 
adenosine 
-mononphospfhate 
fumarate 
water 
(3) ~~ adenylosuccinate 
ammonia guanosine diphosphate + P. 
aspartate + guanosine triphosphate 
inosine 
monophosphate 


Skeletal muscle has been reported to generate ammonia during contractile 
activity (Lowenstein, 1969), however, the quantitative significance of 
this pathway to the total CAC pool remains obscure, particularly because 


excessive ammonia production by muscle may have toxic effects (Carlsten 
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It has been generally accepted that primary augmentation of the 
skeletal muscle CAC intermediate pool occurs via transamination and 
subsequent catabolism of the large pool of free amino acids in the 
muscle (Bartley et al., 1968; Keul et_al., 1972; Newsholme and Start, 
1973). In particular, increases in the levels of OAA, malate and akG, 
associated with a fall in the level of glutamate and a rise in the level 
of aspartate, have been noted (Borst, 1962; Lefebvre et al., 1972; 
Edington et al., 1973; Koziol and Edington, 1975). In addition to these 
events, it has been established that glutamate will transaminate with 
pyruvate to form akKG and alanine in skeletal muscle (Equation 4: Carlsten 
et al., 1962; Young, 1970; Hider and Meade, 1972; Aikawa et al., 1973; 
EGingtonmcural, ,i9/s,erelig, 1979 ss Molerctrals.s 1973 59 AV isretr ait. 197 4: 
Grubb and Snarr, 1974, Odessey et al., 1974). 

(4) Pyruvate + glutamate === KG + alanine 
Aikawa et al. (1973) and Odessey et al. (1974) have shown that de novo 
alanine from glutamate-pyruvate transamination represents the quantita- 
tively important end product of amino acid metabolism in skeletal muscle. 
Odessey and coworkers (1974) have extended this to the conclusion that 
alanine production by skeletal muscle in vitro accounted for all amino 
nitrogen from the transamination and subsequent oxidation of the branched 
chain amino acids, leucine, isoleucine and valine. 

It is clear from an inspection of the carbon stoichiometry that a 
simple transamination of any amino acid and subsequent metabolism can- 
not give rise to a net increase of the CAC intermediate pool nor can 
alanine be a direct product of single transaminations involving the 


branched chain amino acids. This dilemma may be resolved by 
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consideration of the work of Davis et al. (1972) and Safer and Williamson 
(1973) with isolated, perfused rat hearts. Coupled transamination (Equa- 
tions 5, 6 and 7: Safer and Williamson, 1973) by glutamate-oxaloacetate 
transaminase (GOT) of the malate-aspartate shuttle and glutamate-pyruvate 
transaminase (GPT) is capable of forming net CAC intermediates in the 
cytosolic compartment from two metabolites which are not directly part 
of the CAC pool (Figure 1). 
Peeks 


(5) aspartate + okKG >= OAA + glutamate 


(6) glutamate + pyruvate =— alanine + oKG 


(7) net: aspartate + pyruvate == alanine + OAA 
Moreover, the free amino acids which transaminate with aKG as a pre- 
liminary step to oxidation (Bartley et al., 1968), may also couple with 
GPT (Davis et al., 1972) and through ancillary reactions (Equations 8, 
9 and 10) yield a net effect of the following type: 

(8) free amino acid + °KG == CAC - carbon skeleton + glutamate 


(9) glutamate + pyruvate >— alanine + okG 


(10) net: free amino acid + pyruvate =— CAC - carbon skeleton + 
alanine 

The alternative pathways of pyruvate metabolism during aerobic ex- 
ercise in skeletal muscle are supportive of the concept of coupled trans- 
aminations in skeletal muscle. Glycogenolysis to pyruvate in working 
skeletal muscle occurs at a rate dependent on the relative work intensity 
(Saltin and Karlsson, 1971a, b; Hultman and Bergstrom, 1973; Saltin, 1973; 
Gollnick et al., 1974a), yet nigh rates of acetyl-CoA production from 
B-oxidation in submaximal exercise inhibits pyruvate oxidation through 


the CAC (Garland et al., 1969; Newsholme and Start, 1973). It has been 
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proposed that alanine production from pyruvate in human skeletal muscle 


at rest may occur at 35-60% of the rate of lactate production (Felig and 
Wahren, 1971a, b). This relationship is not maintained in submaximal 
exercise where lactate production by muscle has been shown to rise trans- 
iently during the initial stages of contraction and thereafter decreases 
in both in vivo human muscle (Costill, 1970, Ahlborg et _al., 1974) and 

in situ mammalian muscle (Chapler and Stainsby, 1968; DiPrampero et al., 
1969; Hirche et al., 1971, 1973). Alanine production on the other hand, 
undergoes a sustained increase during submaximal aerobic exercise, the 
magnitude of which appears to be related to the work intensity (Felig and 
Wahren, 1971a, b, 1974; Ahlborg et al., 1974). Although incomplete, the 
above information does suggest that excess pyruvate is created beyond 

the capacity or need of the muscle to oxidize this substrate. 

The functional significance of alanine production from pyruvate 
has previously been associated primarily with the "glucose-alanine cycle" 
(Felig and Wahren, 1971; Felig, 1973), an analog of the Cori cycle in 
which peripherally derived alanine provided a gluconeogenic precursor to 
the hepatic tissues. Also, alanine was considered of importance for non- 
toxic transport of ammonium (i.e., amino groups) from muscle to liver 
for urea production (Carlsten et al., 1967). 

In light of the evidence supporting coupled transamination reactions 
in skeletal muscle, alanine production may have significance for in- 
creased flux in the CAC as well as the repletion and maintenance of the 
elevated concentrations of the total CAC intermediate pool which are 
associated with exercise (Keul, et al., 1972, Molé et al., 1973). Further- 
more, alanine production may also act via coupled transaminations as an 


indirect alternative pathway to lactate production in the reoxidation of 
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10 
reduced pyridine nucleotides (Figure 1) (Felig and Wahren, 1971a; Safer 


and Williamson, 1973). 
RATIONALE FOR THE USE OF AN ANIMAL MODEL. Biochemistry of exercise has 
passed from the state of a descriptive science to the stage where quan- 
titative problems are increasingly important. The fundamental questions 
of current interest in muscle metabolism concern those factors which may 
limit the metabolic sequence in muscular activity (Keul et al., 1972; 
Howald and Poortmans, 1975). These limiting metabolic factors may include 
the following: 1) the amount of substrate transported to the muscle cell, 
2) the amount of substrate in the muscle, itself, 3) the amount of 
metabolites produced and removed from the cell, 4) substrate turnover 
in the cell, i.e., the rates at which substrates are transformed by the 
enzyme complexes, 5) the nature of the control mechanisms which adjust 
substrate turnover rate in the cell and 6) the contractile process. 
Although it is very easy to measure the limitations of man's capa- 
city for exercise, only a portion of the above-mentioned factors may be 
observed in the musculature of human subjects due to technical limita- 
tions in human research. The surgical implantation of catheters into 
the vasculature of human limbs for the measurement of arterial-venous 
differences of metabolites has provided substantial information as to 
muscle metabelism. However, the limitations of this method include inter- 
pretive problems as a result of extraneously involved tissues such as skin 
and adipose tissue in the limb. Also, differentiation of one muscle from 
the total muscle mass of the limb is impossible. A practical technique 
for obtaining biopsy specimens from muscle has also advanced our know- 
ledge of muscular events in exercising man. Nonetheless, this technique 
has inherent limitations in the human model. The time factor associated 


with obtaining biopsy material and the small size of these samples limits 
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the technique to quantitation of fewer, less labile metabolites. 

The whole area of human research is further complicated by the 
ethics of surgical intervention and the problems of volitional exercise 
responses. Metabolic occurrences in muscle have therefore been examined 
extensively in electrically stimulated in_ situ mammalian muscle pre- 
parations (Omachi and Lifson, 1956; Kugelberg and Edstrom, 1968; Piiper 
et al., 1968; Corsi et al., 1969; Edgerton et al., 1970; Hirche et al., 
1970a, b; Stainsby, 1970; Baldwin and Tipton, 1972; Koziol and Edington, 
1975; Morganroth et al., 1975; Horstman et al., 1976). Yet, animal ex- 
periments should be referred to, only in-so-far as they clarify the 
transfer of energy during muscular activity in man. 

RATIONALE BEHIND THE PRESENT STUDY. No systematic approach has been used 
in quantitating alanine production from isolated, fatigue resistant (ox- 

idative) muscle under various respiratory demands, nor has the production 
of alanine under these conditions been related to the flux and repletion 

of the CAC in skeletal muscle. 

The dog gastrocnemius muscle consists entirely of fatigue resistant 
(oxidative) muscle fiber types (Maxwell et al., 1975). The direct max- 
imal electrical stimulation of this muscle will result in the recruit- 
ment of all muscle fibers in the muscle (Kugelberg and Edstrom, 1968). 
Evidence indicates that variations in frequency of electrical stimulation 
(Chapler and Stainsby, 1968) and variations in the intratrain stimulation 
rate (DiPrampero et al., 1969; Horstman et al., 1976) are effective in 
producing a continuum of graded metabolic responses up to the maximal 
oxidative capacity of a muscle. For these reasons, varied electrical 
input to isolated, in situ canine gastrocnemius muscle preparations was 


employed as the experimental model for quantitative study of the relation- 
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ship between alanine production and the metabolic realignments occurring 


in the CAC during two levels of oxidative contractile activity. 
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METHODOLOGY 
ANIMAL CARE. Adult mongrel dogs of both sexes, 15-30 kg bodyweight, 
were acquired through the Health Sciences Animal Center (University 
of Alberta) as unclaimed dogs from Edmonton municipal dog pounds under 
the authority of Alberta provincial legislation. Each dog was quaran- 
tined for a 2 week revitalization period at the University farm during 
which time they were bathed, de-fleaed, wormed and vaccinated against 
canine distemper and hepatitis. Their diet consisted of Burger Bits 
(Standard Brands, Montreal) (Appendix II, Table 1) and water ad libidum. 
Animals were moved to pre-operative quarters (Surgical Medical Research 
Institute) 24 hours prior to experimentation, given water ad libidum 
and fasted overnight. Dogs were weighed immediately prior to experi- 
mentation. 
ANESTHESIA. Anesthesia was induced with.a mixture of room air and halo- 
thane (5%) (Fluothane, Ayerst, McKenna and Harrison Ltd., Montreal) de- 
livered to a muzzle cone. Immediately following induction, a modified 
endotracheal tube was inserted and linked to the anesthetic gas mixture 
which was adjusted to maintain the plane of anesthesia (1.5-2% halothane 
in air). Preliminary study of halothane anesthetized dogs had revealed 
subnormal values for PO. in arterial blood (35-60 mmHg). Therefore, a 
3 mm polyethylene tube was fixed to the exterior surface of the endo- 
tracheal tube such that a continual flow of oxygen:carbon dioxide (95:5) 
was also administered to the animal. The flow of oxygen:carbon dioxide 
was adjusted to maintain a normal physiological range of oxygen partial 
pressure in arterial blood (P,0,:80-110 mmHg) based on a previously 


establéshed linear relationship between gas flow and bodyweight of the 
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animal. 

SURGERY. The gastrocnemius muscles of the right and left hind-limbs 

were exposed through medial incisions extending in a straight line from 
the frontal aspect of the thigh, along the longitudinal axis of the 
gastrocnemius muscle to the ankle. Minor bleeding was controlled by 
electrical cautery (Birtcher Electro-surgical Unit, Model 755). Major 
subcutaneous vasculature was doubly ligated and cut between ligatures. 
Skin, connective tissue and fat covering the muscles were then separated 
and retracted. The inserting tendon of the semitendinosus muscle was 
doubly ligated and severed between ties. The gracilis and semimembran- 
osus muscles were isolated for 5-8 cm of their length from their points 
of insertion, doubly ligated and cut between ligatures; a 5-8 cm length 
of the underlying femoral venous blood flow from the gastrocnemius muscle 
was isolated by ligation of all venous vasculature not associated with 
blood flow of the muscle. The patency of this technique in isolating 
venous return was demonstrated by arteriography in preliminary study 
(Appendix III, Figure 3). A 2-3 cm segment. of the sciatic nerve was 
isolated by blunt dissection near the muscle, doubly ligated and cut 
between ties. 

TENSION MONITORING. The distal portion of the left common calcanean ten- 
don and the calcaneus were exposed through an incision running posterior- 
ly 5 cm along the line of the tendon to 5 cm distal to the tuber calcanei. 
Bleeding was controlled by cautery and/or ligation. A vis WesPinchedri || 
bit was passed : perpendicularly through the medial aspect of the calcaneus 
and the calcaneus was divided from the foot at a point just distal to 

the drill site. The calcaneus and 2-3 cm of the tendon were blunt dis- 


sected free of surrounding tissues (Appendix III, Figure 6). A ‘/, X 10.5 
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inch drill bit was passed perpendicularly through the femur at the mid- 
point of the origin of the gastrocnemius muscle (Appendix III, Figure 2). 
The angles at the left hip and knee were adjusted to approximate a 
right angle to ensure uninhibited blood flow (Hirche et_al., 1970a) and 
the femur was spatially fixed by rigidly clamping the drill bit to a plat- 
form under the dog's leg on which the tension monitor was mounted (Appen- 
dix III, Figure 7). The calcaneus was connected via a cable to a tension- 
calibrated leaf-spring linked in series to a displacement transducer 
(Appendix III, Figures 6, 8). The effects of the mass of the lower limb 
and foot on the tension monitor were neutralized by suspending the foot 
from an overhead point (Appendix III, Figure 4). Resting tension of the 
muscle was adjusted to 1.2 Kg since preliminary study revealed maximum 
tension development for an applied stimulus was obtained in this range. 
Tension records were produced continually on a Beckman 4 channel 
type R Dynograph (Beckman Instruments, Inc., Offner Division, Schiller 
Park, Illinois) (Figure 2 and Appendix IV, Figure 1). Response in this 
monitoring system was established as being linear (42%) up to tensions 
of 20 Kg during tension calibration experiments (a preweighed bucket 
was suspended via a pulley and cable, and water of known temperature 
and volume was added). 
BLOOD FLOW. A superficial branch of the right femoral artery was surgi- 
cally isolated on the medial aspect of the thigh at a point where the 
branch was palpable in crossing the pectineus muscle. This artery was 
cannulated with 1.5 mm I.D. polyethylene tubing such that the end of the 
cannula was adjacent to, but not interrupting femoral arterial blood 
flow. Arterial blood samples were collected from this source via a 3 


way Luer-Lok valve (Figure 2). 


The cephalic vein of the left fore-limb was surgically isolated, 
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tied distally.and cannulated with 3 mm I.D. polyethylene tubing pre- 
filled with normal saline. The left femoral vein was tied proximally 
and cannulated with identical tubing. Occlusion time for blood flow was 
30-60 sec during the latter procedure. Venous flow from the muscle was 
passed through a 3 mm external flow-through probe (electro-magnetic, 
square-wave flowmeter, Model SWF-1M, Zepeda Instruments, Seattle) and 
returned to the cephalic vein of the left fore-limb (Appendix III, Figure 
7). A slight downhill gradient was maintained in the femoral-cephalic 
direction (Appendix III, Figure 7). A 3-way Luer-Lok valve between the 
flow probe and the catheter of the cephalic vein was used to flush trap- 
ped air from the system prior to establishing flow. This same 3-way 
valve was employed in collecting venous blood samples from the left 
gastrocnemius muscle. (Appendix III, Figure 7). 

Blood flow was recorded continually on the Beckman 4 channel re- 
corder (Figure 2 and Appendix IV, Figure 1). Preliminary study of this 
flow monitoring system indicated a linear response up to flows of 200 ml/ 
min. Blood flow was calibrated daily employing the collection of a timed 
volume of venous blood from the 3-way valve in the system, while zero 
drift was accounted for with brief venous occlusion prior to and follow- 
ing the experiments. 

ANTICOAGULANT ADMINISTRATION. Coagulation of blood in all cannulae 

was inhibited by the administration of sodium heparin (1000 U/ml of 
saline) (Sigma Chemical Co., St Louis, Mo.) (initial dosage (ml) = 0.5 
times the dog's body weight. Booster doses (= initial dosage times 
0.4) were administered hourly thereafter. 

Note: All surgery with the exception of cannulations was completed prior 


to heparin administration to prevent excessive blood loss during surgical 


procedures. 
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BLOOD PRESSURE. The cephalic vein of the right fore-limb was surgically 
isolated, tied distally and cannulated with a saline filled 3 mm poly- 
ethylene catheter. A gravity aided Ringer's I.V. drip was introduced 

to this cannula for the duration of the experiment (1 drop/sec; 4 ml/min) 
in order to offset hemoconcentration associated with experiments of this 
nature and duration and also to offset fluid and electrolyte loss assoc- 
iated with blood sampling. 

The left common carotid artery was surgically isolated, tied distally 
and catheterized with 3 mm polyethylene tubing which was initially coupled 
to a Stathan Pressure Guage (Stathan, Hato Ray, Puerto Rico) and flushed 
with saline to remove all traces of air. Blood pressure was monitored 
continually at this site via the Beckman 4 channel recorder (Figure 2 
and Appendix IV, Figure 1). The Stathan pressure transducer was cal- 
ibrated regularly with a manometer (Thistle, Model C80216). 

TEMPERATURE MAINTENANCE. Rectal temperature was recorded from a mercury 
thermometer immediately following induction of anesthesia. A low temp- 
erature heating pad was placed over the animal's thorax and upper abdo- 
men and. adjusted to maintain the initial recording of body temperature. 

Following surgical isolation of the right gastrocnemius muscle, a 
Saline moistened guaze was placed over the exposed muscle surface. The 
incision was closed temporarily with clamps and spontaneous rewarming of 
the muscle to body temperature occurred. Temperature of the exposed 
left muscle was monitored with a mercury thermometer inserted into the 
space enclosed by the tibia and gastrocnemius muscle belly. An incan- 
descent heat lamp was employed in regulating muscle temperature in 
accordance with observed rectal temperature. The exposed surface of 
the muscle was continually flushed with a slow isotonic saline drip. 


Excessive accumulation of fluid in the cavity surrounding the muscle was 
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avoided by placing a 10 guage needle-drain through the skin forming the 
base of the cavity (Appendix III, Figure 5). 

EXPERIMENTAL PROTOCOL. Following completion of the details of the 
Surgical preparation, a post-operative recovery period of at least 30 

min was observed. During this time the animal was stabilized as to 
resting blood flow, acceptable rectal and muscle temperatures, blood 
pressure and femoral Py0- Further, the animal was then randomly assign- 
ed to one of four groups among which the intensity and duration of stimu- 
lation were varied. The design of individual experiments is outlined in 
FIgure 3. 

Groups were designated as to severity of exercise (mild (M) or 
severe (S)) and as to duration of the experimental period (20 or 65 min). 
Hence "M65" indicated a group of dogs which received mild electrical 
stimulation to the left gastrocnemius muscle for a period of 65 minutes. 
In all experiments, pre-exercise tissue sampling trauma to the left 
muscle was injudicious, therefore the right gastrocnemius provided an 
non-stimulated contralateral control in which the blood supply and nerve 
were surgically altered as in the left experimental leg (Figure 3). 
STIMULATION. The isolated left gastrocnemius muscle was stimulated 
directly using two 1 cm stainless steel needle electrodes placed 2 cm 
apart in the proximal We of the medial head of the muscle (Appendix III, 
Figure 5). The applied stimulus was in the form of D.C. square waves, 

5 m sec in duration at a frequency of 22/sec and at maximal voltages 
(Electronic Stimulator, Model 751, Amercan Electronic Labs, Inc. Phil- 
adelphia, PA: modified to deliver trains). Two rhythmic tetanic con- 
traction forms were used; trains of impulses lasting 0.08 sec "on" 

and 2.7 sec "off" were designated as a mild stimulus (M) while trains 


of impulses lasting 1.4 sec "on" and 2.7 sec "off" were considered as a 
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severe Stimulus (S). Preliminary study revealed that stimulus S elicited 
maximal blood flow and oxygen uptake for the muscle preparation under 
present terimentay conditions, while stimulus M elicited an oxygen 
uptake approximately 50% less than that observed with stimulus S. 

BLOOD SAMPLES AND ANALYSES. Simultaneous paired blood samples were 
drawn anaerobically at specified intervals (Figure 3) via the right 
femoral arterial catheter and from the isolated left venous flow circuit 
(Figure 2) into lubricated glass syringes. Stasis in drawing samples 
was avoided by controlling collection rate in line with observed flow 
rate. At blood sample intervals indicated by B* in Figure 3, paired 
blood samples of 28 ml each were collected; all other paired blood samples 
were of 8 ml each. The additional 20 ml at intervals B* were required 
for amino acid analysis. In dogs which were studied for 65 minutes, 
this protocol required the collection of a total of 136 ml of blood over 
the experimental period. Archer (1965) has indicated that 9 ml/Kg is 
the safe limit for acute blood loss in a dog without the occurrence of 
notable physiological changes. Preliminary study in the present invest- 
igations revealed minimal changes:in arterial hemoglobin, hematocrit and 
plasma proteins under the practiced regimen. 

Immediately following collection, blood samples were analyzed for 
oxygen partial pressure (PO. ) and pH (Radiometer blood gas apparatus - 
pH meter 27, Radiometer Co., Copenhagen). Assessments of hematocrit 
(Hct) (microhematocrit technique) and hemoglobin (Hb) (cyanmethemoglobin 
technique) were also conducted. Remaining blood samples were then 
centrifuged at 2000 rpm for 15 min and the plasma was partitioned and 
frozen pending subsequent analyses. 

Glucose (Sigma Kit 510), pyruvate (Sigma Kit 726) and lactate (Sigma 


Kit 826) were determined enzymatically while plasma free fatty acids were 
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analyzed according to Pinelli (1973). Plasma proteins were assayed 


colourimetrically by the Biuret reaction. Glutamate, aspartate, alanine 
and lysine in plasma were determined by the automated ion-exchange 

' chromatographic technique after deproteinization of plasma with 1% picric 
acid (Beckman Instruction Manual, Model 121 Automatic Amino Acid Analyzer, 
1969). A minor modification of the above technique for sample prepara- 
tion was employed in that the effluent from the Dowex 2 - x8 (200 mesh) 
resin bed was concentrated by freeze-drying rather than by rotary evap- 
oration. This was a viable alternative and necessitated by unavailability 
of a rotary evaporator. 

TISSUE SAMPLE AND ANALYSES. At the termination of each experiment, 

freeze clamp tongs (Appendix III, Figure 9), precooled to the temperature 
of liquid nitrogen, were employed to rapidly freeze a 2-3 gm sample in 

the center of the medial head of the left and right gastrocnemius muscles. 
These samples were then rapidly excised by trimming about the tong faces, 
immersed briefly in liquid nitrogen, placed in polyvinyl containers (pre- 
cooled in dry ice) and stored in a deep freeze (-60°C) for later analysis. 
In preliminary investigation, a copper-constantan thermocouple was in- 
serted into the center of the proposed sample’site. Stainless steel 

tongs precooled in liquid nitrogen could be applied to the muscle at the 
moment of cessation of a tetanus such that muscle temperature declined 

to -20°C within 1 sec and -50°C before 2 sec. 

The left and right gastrocnemius muscles were quickly isolated by 
severing the common calcanean tendons and working in the distal-proximal 
direction until only the blood supply of the muscles remained intact. 

This was clamped, severed and the muscles removed to isotonic saline 
where visible fat, connective tissue and unrelated muscle tissues were 


removed. The muscle was divided into its three component heads (medial, 
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lateral and flexor) by application of pressure along the lines of least 


resistance. Further visible fat and connective tissue were removed. The 
muscle heads were individually separated from the calcanean tendon at 

the muscle-tendon interface and the muscle tissues of the individual heads 
were weighed. 

Each head of both muscles was bisected transversely at its mid-point 
and. longitudinal core samples of sufficient size were dissected free. 
These samples were immersed in hexane, precooled with liquid nitrogen, 
and placed in capped polyvinyl containers precooled in dry ice. These 
samples were stored at -60°C for subsequent analysis. 

Freeze-clamped muscle samples were weighed in a cold chamber with 
care taken to preserve refrigeration, i.e., the entire sample was briefly 
immersed in liquid nitrogen, rapidly weighed and re-immersed in liquid 
nitrogen. Samples were then mechanically fragmented in liquid nitrogen 
into samples of sufficient size for free amino acid (0.8-1.2 gm) and 
muscle triglyceride (60-120 mg) analysis, and stored at -60°C. 

Free amino acids (glutamate, aspartate, alanine, lysine) were de- 
termined by automated ion-exchange chromatography after employing the 
following modification of the sample preparatory techniques as outlined 
in the Beckman Instruction Manual, Model 121 Automatic Amino Acid Anal- 
yzer (1969). After weighing, the tissue was immersed in liquid nitrogen 
and mechanically ground to a fine powder. The powdered material was 
transfered with a precooled spatula to 10 ml of 1% picric acid in a 
centrifuge tube which was then capped and mechanically shaken for 2 
min. As with the plasma amino acid analysis, effluents from the Dowex 
resin bed were concentrated by a freeze-drying procedure. 

Determination of muscle triglycerides required slight modification 


of the methods outlined by Carlson (1963) and Carlson et al. (1971). 
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Appropriate quantities of sample were quickly weighed, and ground in 
liquid nitrogen employing a mortar and pestle. The pulverized material 
was transferred to 2 ml of methanol for extraction of muscle lipids, 
Shaken for 2 min and 4 ml of chloroform and 6 ml of saline were added. 
After overnight equilibration of the phases, the chloroform phase was 
removed and treated according to Carlson et al. (1971). 

The frozen muscle core samples were divided for glycogen and histo- 
chemical analysés. Glycogen was isolated from muscle tissue and analyzed 
by the method of Lo et al. (1970). Tissue blocks for histochemical 
Staining were mounted on chucks in a cryostat at -25 to -30°C. Serial 
sections of 10u for myofibrillar adenosine triphosphatase (myosin ATPase) 
and reduced nicotinamide adenine dinucleotide diaphorase (NADH diaphor- 
ase) and 16u for periodic acid-Schiff (PAS) staining were cut and 
mounted on microscope slides. These sections were air dried for 24-48 
hours prior to appropriate staining (Dubowitz and Brooke, 1973). The 
procedure followed in staining for myosin ATPase was modified to pre- 
incubate the sections at pH 10.4. Improved definition of capillarization 
and black and white differentiation was obtained by this procedure. 
PREPARATION VIABILITY. Individual experiments were assessed for vital 
changes and loss of viability as a result of surgical trauma, anesthesia, 
experiment duration, blood loss (sampling trauma) and/or temperature 
changes. The bases for these assessments included preliminary inspec- 
tion of the following parameters: blood flow P0.. arterial pH, Hb, 

Hct, plasma proteins, sample hemolysis, substrate/metabolite arterial 
concentrations, carotid arterial blood pressure (systolic and diastolic) 
and rectal and muscle compartment temperatures. Abnormal absolute 


values or large changes between resting and the ultimate sample intervals 
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were evaluated. While single unusual values did not result in deletion 
of an experiment from the statistical analyses, combinations of factors 
were guaged subjectively as contra-indicators. Two dogs were rejected 
based on these assessments (refer to pp 37, Results). 

CALCULATIONS 

Oxygen Consumption. The P0,-Oxygen Saturation % Nomogram (Appendix V, 
Figure 1) was employed in determining % 05 Saturation of arterial and 
venous blood from PO, and pH according to Astrup (1965). Oxygen con- 
sumption (VO>) was then calculated employing the Fick principle (David- 
sohn and Henry, 1969). 


: uly 20 WeSe 
VO,(m1/min) = (HbO,A - HbO4V) ° flow rate 
2 2 fa 
100 
where: 
bake .36 
is the 0, capacity (ml/min) of blood; Hb is ing % 
100 


(HbO.A ~ Hb0..V) is the arterial-venous difference for the oxygen 
content of blood (ml/min); oxygen content of blood = % 0, satur- 
ation X 05 capacity 
flow rate is the venous blood flow rate in ml/min. 
Arterial-Venous Differences. Net uptake or output of blood-borne 
materials across the muscle was determined by the Fick principle (Schlein 
etualepaloie ) : 
net uptake or output of S = (LSI, beac [Sly : Fy) 
where: 
[S]y is the concentration of substance S in arterial blood 


[Sly is the concentration of substance S in venous blood 
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FA is the arterial blood flow rate (ml/min) 
Fy is the venous blood flow rate (ml/min). 
Flow rate was corrected for rate of water loss from plasma during transit 


through the muscle according to Schlein et al. (1973). 
TPy, 


Arterial flow rate = venous flow rate X —— 
TP 
A 


where: 
TPy is the total protein concentration in venous plasma 
TPy is the total protein concentration in arterial plasma. 
Uptake or output data for glucose, pyruvate, lactate, alanine, glutamate, 
lysine and aspartate were calculated from venous and arterial blood flow 
rates. Free fatty acid arterial-venous differences were calculated from 
venous and arterial plasma flow rates where: 
venous plasma flow = venous blood flow X (1 - Hct) 
TPy 
arterial plasma flow = venous plasma flow X —— 
TP, 
Estimation of de Novo Synthesis of Alanine from Glutamate-Pyruvate 
Transamination. The de novo production of alanine from glutamate- 
pyruvate transamination in muscle was estimated as follows (modified 
from Felig and Wahren, 1971a): 


uM of alanine/g/min which are produced by glutamate-pyruvate 


transamination 
eet _ 
lySp 
= [ala A-Vd, - 
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where: 

ala A-Vd, is the alanine output from muscle (uM/g/min) at time (t) = 

15 or 60 min 

lys A-Vd, is the lysine output from muscle (UM/g/min) at time (t) = 

15 or 60 min 

lys, is the free lysine content of muscle (uM/g) at time (t) = 20 

or 65 min 

lYSp is the free lysine content of muscle (uM/g) under resting 

conditions 

ala, is the free alanine content of muscle (yM/g) at time (t) = 

20 or 65 min 

alap is the free alanine content of muscle (uM/g) under resting 

conditions 

t is the time interval (20 or 65 min) appropriate to the time at 

which the arterial-venous differences of alanine and lysine were 

observed (15 or 60 min sample intervals, respectively) 

| | denotes the absolute quantity of the enclosed expression 

+ notation indicates appropriate correction for over- or under- 

estimation of alanine output from muscle relative to lysine out- 

put from muscle (see example following). 
The theory supporting estimation of the alanine production from gluta- 
mate-pyruvate transamination in muscle is as follows: lysine and alanine 
residues occur in equal proportions in structural and soluble proteins of 
rabbit skeletal muscle (i.e., 1954; Lowey and Cohen, 1962; Koizumi, (1974). 
Gross interspecies differences between rabbit and dog muscle proteins 
should not be evident since functional integrity of protein is highly 
correlated with primary structure (i1.@., amino acid sequence) (Lehnin- 


ger, 1970). Turnover of alanine and lysine residues occur at similar 
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rates in resting rabbit skeletal muscle proteins. (Koizumi, 1974) 
(i.e., alanine and lysine residues are equally available to the protein 
catabolic mechanisms of skeletal muscle). Lysine is not catabolized 
or synthesized in skeletal muscle (Bartley et_al., 1968; Odessey et al., 
1974). Therefore, the extent to which alanine output from muscle exceeds 
lysine release (ala A-Vd - lys A-Vd) was an initial index of alanine 
production from sources other than the proteolytic processes (i.e., glu- 
tamate-pyruvate transamination)~ 

Muscle tissue contents of alanine and lysine at rest are proportional 
to their respective arterial concentrations (Table 7 and Appendix VII, 
Table 2), suggesting that loss of these amino acids from tissue concen- 
trations occur at similar relative rates in resting muscle. Arterial 
concentrations of alanine and lysine demonstrated parallel changes with 
exercise (Appendix VII, Table 2). Therefore, it was assumed that muscle 
contents of these amino acids should change in parallel during exercise 
as evidenced by comparisons of left to right ratios (Table 7). However, 
non-parallel changes in muscle concentrations of these amino acids occur- 
red. This difference was attributed to different rates of alanine pro- 
duction from glutamate-pyruvate transamination since proteolytic input 
to the free pools of alanine and lysine was assumed to be equal. This 
imbalance between input and output and its subsequent effect on alanine 
"escape" from muscle was estimated from temporal changes in muscle tissue 
contents of lysine, 7.e., yet alap) estimates the tissue content of 
alanine at time (t) that should have been apparent if parallel tissue 
concentration changes had occurred for lysine and alanine. Subtraction 
of the observed ala, from the estimated ala, and division by time (t) 
estimates the absolute differential rate of loss of alanine occurring per 


t minutes of exercise. The alanine arterial-venous difference was cor- 
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29 
rected for this differential by addition or subtraction of the appropriate 
absolute differential rate, i.e., where lysine content of muscle was dimin- 
ished relatively more than the alanine content of muscle, as evidenced by 
left to right ratios, addition was indicated. Subtraction was indicated 
by an opposite effect. 
Estimation of the Percentage of Muscle Oxygen Uptake Accounted for by 
Carbohydrate Oxidation. The percentage of the oxygen uptake of the muscle 
accounted for by total carbohydrate oxidation was calculated as follows 
(modified from Chapler and Stainsby, 1968): 
| [gluc + glyc - (G+ 5 * HI - 6 
#¥0,(CHO) = —————_—___________-— - 100 

VO. 
where: 

gluc is the glucose uptake of the muscle (mM/g/min) 

glyc is the rate of glycogen catabolism expressed as glucosyl units 

(mM/g/min) 

5 is the lactate output from muscle (mM/g/min) divided by 2 since 
mole of glucose may produce 2 moles of lactate, pyruvate or alanine 
5 is the pyruvate output from muscle (mM/g/min) divided by 2 
5 is the de novo alanine output from muscle (mM/g/min) divided by 2 
6 is a constant based on the assumption that 6 millimoles of oxygen 
are required to oxidize 1 millimole of glucose 
VO, is the oxygen consumption of the muscle; converted to mM/g/min 
(STPD) by the ideal gas law, i.e., 


PV = nRT 
(0.92105 X V) 


(On0S205.% 23.1.0) 
100 is a constant basedon the conversion of a fraction to a percentage. 


In the case of lactate uptake by the muscle, a similar formula was employed 
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in calculating VO» (CHO) with the changes in the formula as follows: 


[gluc + glyc - (5+ a) 6. +03 


P2100 


2V0,(CHO) = 
vO 
6 
where: 
L.3 is the lactate uptake of the muscle (mM/g/min) multiplied by 3 
since 3 millimoles of oxygen are required to oxidize 1 millimole 
of lactate. 
Estimation of the Rate of Turnover of the Citric Acid Cycle. The rate 
of operation of the citric acid cycle was calculated as follows: 


uM of AcCoA/g/min entering CAC 


- (VO 


Apes ae wO,(cHO) 
100 Ho +) He 
where: 
V0. is the muscle oxygen uptake expressed as uM/g/min (derived from 
the ideal gas law) 
; is the number of oxygen atoms per oxygen mole 
a is the number of hydrogen equivalents to the number of oxygen atoms 
8 is the number of hydrogens produced per "turn of the citric acic 
cycle" 
“V0. (CHO) is the percentage of the oxyaeh uptake required for total 
glucose oxidation 
He is the number of hydrogens produced from glucose catabolism to 


2 moles of acetyl CoA (see example following) 


H. is the number of hydrogens produced from oxidation of 2 moles of 


AcCoA from glucose through the citric acid cycle (see example following). 


The theory supporting estimation of the rate of operation of the citric acid 
cycle is as follows: if the CAC alone is responsible for all oxidative 


requirements of the tissue in the M20 group under resting conditions, then 
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the amount of oxygen required by the CAC and oxidative phosphorylation = 
OkG/ew of 05/g/min (Table 3) or 2 X 0.37 = 0.74 uvatoms of oxygen which 
is equivalent to 2 X 0.74 = 1.48 yatoms of hydrogen oxidized to water in 
oxidative phosphorylation. Thus ie = 0.18 umoles of acetyl CoA/g/min 
must pass into the CAC since in 1 revolution of the cycle, 8 hydrogens are 
gvven off. But, it was calculated that 12% of the oxygen uptake of rest- 
ing muscle in the M20 group was required for total oxidation of glucose 
(2V0. (CHO) (Table 8). Therefore, one must consider the number of hydrogens 
produced from glucose catabolism without involvement of the CAC. Consider 
the relationships between the steps in the oxidation of glucose and the 
number of hydrogen equivalents of the oxygen used. 
Number of Hydrogen 
Reaction Equivalents of the 
Oxygen Used 
Glucose ————4 _ 1, 3 DPG 4 


2 Pyruvate} 2 AcCoA 4 


KKKK 
2 Isocitrate===> 2 akG 
2 akG@ =" 2 succinate 


2 Succinate} 2 malate 


> +> FS + 


2 Malate > 2 -O0AA 
Of the 24 hydrogens oxidized to water in glucose oxidation, 8 of these are 
produced without involving the CAC itself. Therefore, 5 of the 12% of the 
oxygen consumption was not directly CAC related and the rate of operation 
of the CAC is overestimated by 4% in the prior calculation which assumed 
that the CAC alone was responsible for all oxygen requirements of the tissue. 
Estimation of the Rate of Turnover of the Malate-Aspartate Shuttle. The 
rate of operation of the malate-aspartate shuttle system was calculated as 
follows: 


uM of OAA/g/min which are reduced to malate 
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where: 
gluc is the glucose arterial-venous difference of the muscle in 
uM/g/min 
glyc is the average rate of glycogen depletion in uM of glucosyl 
units/g/min 
L is the lactate output of the muscle in uM/g/min 
2 iS a constant: assuming that all glucose uptake and glycosyl units 
from glycogen are metabolized to pyruvate, then 2 reductions of NAD* 
must occur as a result of the 2 triose molecules produced in the 
Embden-Meyerhof pathway. 
In the case of lactate uptake by the muscle, a similar formula was employed 
in calculating the rate of operation of the malate-asparate shuttle system 
with a change in the formula as follows: 
uM of OAA/g/min which are reduced to malate 
=v2cuei glue tqlyc) stil 
where: 
L is the lactate uptake of the muscle in uM/g/min. 
STATISTICS. Viability and blood dynamic parameters were examined within 
groups employing 2 two-factor analyses of variance with a repeated measure 


on 1 factor design. The design of the analyses took the following general 


form: 
RESd lo min cOmMmn. 40 mine =o0l min. 265 min 
* * * * * * * * * 
. * = 2 = 
M65, X X X X X XX * 
S65m tek X X many X XX 
Groups * * * * * * * * * * 
M204; ¥X X XX i 
$20 X X XX 


analysis | ‘ 


analysis 2 - - - 
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X: observations of all parameters 
XX: observations of selected blood dynamic and viability 
parameters. 

This statistical program is documented with the Division of Educational 
Research Services (DERS), Computer Program Documentation IBM 360/67, 
University of Alberta as Fortran IV (H); DERS:ANOV23 (June 1968, revised 
July 1969) (Winer, 1971, pp. 518). Critical F statistics were evalu- 
ated for p <0.05 and a posteriori tests of group means were conducted 
employing the Scheffé procedure for all possible comparisons (Winer, 
1971s pee 198). 

Tissue concentration parameters were treated with 1 way analyses 
of variance between groups for all right resting muscle data and further 
1 way analyses of variance between groups for all left exercised muscle 
data. This statistical program is documented as DERS:ANOV15 (June 1968, 
revised July 1969) (Winer, 1971, pp. 152). The Scheffé a posteriori 
procedure was conducted for all F statistics where p <0.05. 

Left muscle concentration parameters were compared with right 
muscle concentration parameters within each group employing t-tests for 
correlated samples; DERS:ANOV12 (June 1968, revised July 1969) (Ferguson, 
1966, pp. 169-171, 183-184). 

Three symmetric matrices of Pearson product-moment correlation co- 
efficients were generated for tissue concentrations, arterial substrate/ 
metabolite concentrations, substrate/metabolite arterial-venous differ- 
ences, blood flow, systolic and diastolic blood pressure and arterial 
hemoglobin, hematrocrit and plasma protein concentrations. The separate 
matrices examined resting conditions, 20 min of stimulation and 65 min 


of stimulation. The correlation coefficients and the values and prob- 
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ability of t-tests for each correlation coefficient were produced by the 
computer program DERS:DESTO2 (March 1968, revised July 1969) (Ferguson, 
1966, pp. 106-115). 
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RESULTS 
GROUP CHARACTERISTICS. The age, sex, weight, predominant breed charac- 
teristic and randomly assigned experimental condition of individual 
dogs are presented in Appendix VI, Table 1. Group mean values for age 
and weight of the animals are summarized in Table 1. No differences 
(p > 0.05) were found between group means for age or weight of the 
animals. 
EXPERIMENTAL VIABILITY. The data in Appendix VII, Tables 1-6, represent 
the effects of sampling and intensity-duration combinations on the phy- 
siological and biochemical status of the groups during experimental 
intervals. 
Arterial Metabolite Concentrations. No changes (p > 0.05) were noted 
between pre-exercise resting mean values and subsequent mean values in 
all groups for femoral arterial concentrations of glucose, pyruvate, 
lactate, free fatty acids, alanine, lysine, glutamate and aspartate 
(Appendix VII, Tables 1 and 2). 
Arterial Hemoglobin, Hematocrit and Plasma Protein Concentration. The 
group mean data in Appendix VII, Table 3 indicated that although no 
alterations (p * 0.05) in femoral arterial Hb and Hct existed between 
resting and final measurements in any group, a decrease (p < 0.05) in 
mean femoral arterial plasma protein concentration was notable between 
resting and final measurements in group M65. 
Arterial and Venous PO, and pH. With the exception of acidotic shift 
(p < 0.05) in femoral arterial pH in group S65 between the resting and 


60 min sample (7.33 + 0.01 to 7.29 + 0.01), no changes (p > 0.05) 
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TABLE 1 


AGE 

(yr) 
2.03 (0.63) 
2283 (0583) 
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Age and weight of the 
experimental animals: 
Mean (SEM), n = 6 
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(kg) 
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occurred in group means for femoral arterial PO, and pH during the 
experimental period (Appendix VII, Table 4). 

Group means for femoral venous PO, from rest throughout the contrac- 
tfen period were altered as expected in meeting the two metabolic demands. 
The lowest mean P\0. values consistently occurred in the S20 and S65 
groups with mean values during exercise occurring in the 24.13 to 25.67 
mmHg range as compared to 39.98 to 44.53 mmHg at rest in these groups 
(Appendix VII, Table 4). 

Carotid Blood Pressure and Rectal and Muscle Compartment Temperature. 
Trends in mean carotid arterial blood pressure (Appendix VII, Table 5) 
and rectal and muscle compartment temperature (Appendix VII, Table 6) 
revealed no changes (p > 0.05) in any group from rest throughout the 
experiments. However, mean values of resting carotid arterial systolic 
pressure and resting carotid arterial diastolic pressure were recorded 
in the ranges of 84.50 to 93.50 mmHg and 46.33 to 60.83 mmHg, respect- 
ively. 

Deletion of Experiments. Negative viability assessments resulted in 
the deletion of 2 dogs from the statistical evaluations. In a rejected 
S65 dog, a blood clot occluded the flow system between 60 and 65 min. 

A rejected S20 dog demonstrated unusually elevated Hb, Hct and plasma 
protein concentration. Further, radical hemolysis was noted in this 
dog in all arterial and venous samples in spite of attempts to avoid 
stasis in blood sample collection. These rejections resulted in the 
present n of 6 in each of the 4 groups. 

WORK PERFORMANCE. Pre-set resting tensions were similar (p > 0.05) 

for all groups with mean (SEM) values being 1.36 Kg (0.11), 1.50 Kg 
(0.18), 1.65 Kg (0.12) and 1.47 Kg (0.10) for the M20, M65, $20 and 


S65 groups, respectively. 
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Figure 4a reveals mean percentage changes relative to initial ten- 
Sion at eachsample interval. This same figure also illustrates the 
average times required for successive 10 percent decrements in tension 
_ during the first 15 min of contraction. Figure 4b demonstrates abso- 
lute tension changes from initial through final recordings. 

Severe stimulation resulted in greater absolute tension develop- 
ment initially, followed by greater absolute and percentage decrements 
through subsequent sample intervals (Figure 4a, b). A tension plateau 
phenomenon was observed with both stimulus intensities since initial 
large decrements in observed tension occurred prior to 15 min and sub- 
sequent declines in tension were far less pronounced. 

HISTOCHEMISTRY. Representative colour micrographs of the medial head 

of gastrocnemius muscle with NADH-diaphorase, PAS and myosin ATPase 
stains from serial sections of resting muscle and muscle subjected to 
the 4 intensity-duration combinations are demonstrated in Appendix VIII. 
NADH-Diaphorase Staining. The oxidative enzyme stain revealed a posi- 
tive response in all fibers. Large diameter fibers tended toward 

dense sub-sarcolemmal formazan granule deposits shading to lighter 
central staining. Smaller diameter fibers were uniformly darkly stained 
throughout. 

Myosin ATPase Staining. The percentage of fast twitch fibers as deter- 
mined with the myosin ATPase stain, ranged from mean values of 48.75 to 
61.13% between groups with a grand mean of 54.03% for all dogs (Table 2). 

As a result of the high oxidative characteristic of all fibers, it 
was difficult to conclusively distinguish the 3 distinct fiber popula- 
tions as per Peter et al. (1972), these being slow oxidative (SO), fast 


glycolytic (FG) and fast oxidative, glycolytic (FOG). It was therefore 
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AVERAGE OF 
RIGHT AND LEFT 
PARAMETER GROUP GASTROCNEMIUS MUSCLES 
% Fast Twitch Fibres M20 Ouse Sie eel) 
Comprising The 
Muscle M65 ESgh (8.73) 
S20 57 134.,(5.44) 
S65 D2wGer Gls. 9D) 
GRAND 
MEAN 54.03°°C1 92) 


TABLE 2 Group mean values [Mean (SEM), n=6] 
and grand mean values [Mean (SEM), n=24] 
for the percentage of fast twitch fibres 
comprising the left and right gastroc- 
nemius muscles (medial head) 
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decided to classify all fibers only on their twitch characteristic as 
indicated by staining intensity for myosin ATPase at pH 9.4. 
Periodic Acid-Schiff Staining. The relative PAS stain intensity, as 
determined subjectively, revealed fast twitch fibers had consistently 
higher glycogen concentrations under resting conditions. However, with 
exercise there was a distinct trend toward a more homogeneous PAS stain- 
ing intensity for glycogen in fast and slow twitch fibers, the rate of 
which appeared to be directly related to the intensity and/or duration 
of contraction. 

In the M20 group, all fibers were subjectively less dark on the 
PAS stain than resting muscle. However, fast twitch fibers in M20 were 
still more intensely stained than the slow twitch fibers in resting tis- 
sue. The M65 group demonstrated a trend similar to the M20 group, ex- 
cept that all fibers were lighter. Fast twitch fibers in the M65 group 
were notably similar to slow twitch fibers under resting conditions on 
the PAS staining intensity. Severe stimulation resulted in rapid loss 
of PAS staining intensity such that in the S20 group, slow twitch fibers 
were very light or showed a negative response to the PAS stain. Fast 
twitch fibers were only slightly more sensitive to the stain. The S65 
group showed a negative PAS response which should reflect very low gly- 
cogen concentrations in these tissues. 
BLOOD-MUSCLE EXCHANGE DYNAMICS. Blood-muscle exchange dynamics at rest 
and at the specified sample intervals during contraction are summarized 
in Tables 3, 4 and 5. 
Blood Flow and Oxygen Uptake. Muscle blood flow and oxygen uptake in 
both exercise intensity groups (M and S) were increased (p < 0.05) from 


resting values at all sample intervals (Table 3). There was a tendency, 
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not significant (p > 0.05), for both Blood flow and oxygen uptake to 
decrease in:any one group after 15 min through to the end of experimen- 
tation. The mild stimulation groups averaged a 2.8 fold increase over 
rest in blood flow and 5.2 fold increase over rest in: oxygen uptake at 
15 min. Severe stimulation likewise produced a 2.8 fold increase above 
rest in blood flow at 15 min, but oxygen uptake was 7.9 fold over rest 
at the same sample interval. In the prolonged erantiiarionmccone: (M65 
and S65), 60 min of mild stimulation resulted in 2.5 fold and 4.1 fold 
increases above rest in blood flow and oxygen uptake, respectively, 
whereas, 60 min of severe stimulation resulted in 2.9 fold and 6.3 fold 
increases above rest in the same respective parameters. 

Differences (p < 0.05) in blood flow between intensity groups 
were noted only at 40, 60, and 65 min (S65> M65, Table 3). Oxygen 
uptake differed (p < 0.05) between contraction intensity groups in 
the following cases: M65 < S20 at 15 min and M65 < S65 at 15, 20, 
40 and 60 min (Table 3). 
Glucose Uptake. Under resting conditions a small glucose uptake was 
observed.in the muscle preparation (Table 4). Fifteen min of contrac- 
tion did not result in a change (p > 0.05) in the glucose uptake from 
resting mean values in any one group, even though 1.7 fold and 2.5 
fold increases above corresponding resting mean values occurred in 
the mild and severe stimulus groups, respectively (Table 4). There- 
after, the glucose arterial-venous differences were unaltered (oe 0205) 
with the exception of the 20 and 60 min glucose arterial-venous differ- 
ences in the S65 group with were found to be greater (p < 0.05) than 
the corresponding resting mean value. 


Differences (p < 0.05) between prolonged stimulus severity groups 
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(M65 and S65) occurred at 20 and 60 min in that the S65 group demon- 
Strated a greater glucose uptake at these time intervals (Table 4). 
Pyruvate Output. The muscle preparation showed slight pyruvate output 
under resting conditions (Table 4). Mild or severe stimulation resulted 
in no changes (p > 0.05) from resting output mean values at any sample 
interval. However, pyruvate output in the M20 group was less (p < 0.05) 
than that of the S20 and S65 groups at 15 min, while the M65 group showed 
less (p < 0.05) pyruvate output than the S65 group at 20 min (Table 4). 
Lactate Output. Lactate output from the resting muscle was observed 
(Table 4). Exercise resulted in no change (p > 0.05) from rest values 
in lactate output in the mild stimulus group at 15 min. Severe stimu- 
lation, however, resulted in a greater (p < 0.05) lactate output at 

15 and 20 min when compared to corresponding resting values. After 

the above mentioned sample intervals, exercise lactate arterial- 

venous differences decreased, though not significantly (p > 0.05), such 
that lactate uptake was observed at 60 min in the M65 group while lac- 
tate output was not substantially different (p > 0.05) from rest values 
in the S65 group. 

Differences (p < 0.05) in lactate arterial~venous differences 
between intensity groups occurred only in exercise at 15 and 20 min 
(Table 4). 

FFA Output. A consistent, small free fatty acid output from the muscle 
preparation was observed in all groups at rest under present experimental 
conditions (Table 4). Electrical stimulation of the mild or severe 
nature produced a free fatty acid uptake (p< 0.05) in all groups over 
all sample intervals as compared to resting outputs. Differences 


(p > 0.05) between severity groups, however, were not noted (Table 4). 
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The muscle preparation took up small amounts of plasma water at 
rest (Table 4). No changes (p > 0.05) were observed in plasma water 
loss in comparisons of duration or intensity effects (Table 4). 

The muscle preparation put out alanine and lysine and accumulated 
small amounts of glutamate and aspartate under resting conditions (Table 
Se 
Alanine Output. Alanine output by the muscle increased (p < 0.05) drama- 
tically in both M and S groups at 15 min (15.0 fold and 8.7 fold above 
rest, respectively) (Table 5). This output decreased to smaller, but 
Significant (p < 0.05), arterial-venous differences at 60 min (9.9 fold 
and 6.0 fold above rest in the M65 and S65 groups, respectively. The 
differences between severity groups at each sample interval for the 
arterial-venous different of alanine were not significant (p > 0.05). 
Lysine Output. Lysine output followed a similar trend as alanine, though 
much reduced in absolute quantities, in that alanine output exceeded 
lysine output by approximately 5 to 6 fold during exercise of either 
intensity (Table 5). 

-Aspartate and Glutamate Output. Both aspartate and glutamate arterial- 
venous differences during exercise were highly variable in that some 
muscle preparation accumulated these amino acids whereas others released 
them under similar conditions (Table 5). Only aspartate output after 60 
min of contraction was found to be different (p < 0.05) from the corres- 
ponding group mean resting value. No differences (p > 0.05) were estab- 
lished in either of the glutamate or aspartate arterial-venous differ- 
ences when contraction intensity groups were compared at the specified 
sample intervals. 

MUSCLE TISSUE CONCENTRATIONS. Group mean values for the right and left 


muscle weights are presented in Table 6. Differences between intensity- 
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RIGHT LEFT 
RESTING STIMULATED 
PARAMETER GROUP MUSCLE MUSCLE 
Gastrocnemius M20 82.23 aL») 37.09) (4.95) 
Muscle Wet Weight 
(g) M65 90.28 (2.43) 91.95 (2.78) 
S20 S230) (6. 12) 82.351 106763) 
S65 97.88 (7.45) 103.40 (8.26) 


TABLE 6 Wet weight of the right 
non-stimulated and left 
stimulated gastrocnemius 
muscles: Mean (SEM), n=6 
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LEFT GEE 

RIGHT MUSCLE MUSCLE LEFT / 

MUSCLE NON- 20 MIN 65 MIN RIGHT 
PARAMETER GROUP STIMULATED STIMULATION STIMULATION RATIO 
Glycogen M20 205.23 (2.53) VON 73" (C2.:09)) 0.83 
(uM glycosyl M65 35.02 (4.96) 26eL4 (C4391) 0.75 
units/g wet wt) S20 ARS eM (erst) 10.55. (3.06) 0.58 
S65 TSAI (Cilya 7/5). O57" (0.69)%) 0.39 

Triglycerides M20 29.033) (11.44) 10296. (4.64) Oe 37 
(uM tripalmi- M65 Teed A2e10) Tictoe Cle0l ee 0.98 
tin/g wet wt) S20 22.99 MAS) On G2. 16) 0.44 
S65 O40 (2626) Too. (Oe Ope Oso. 

Alanine M20 2243, (0.09) 1.68 (0.09) 0.69 
(yM/g wet wt) M65 2 1 OeLsD aoe (Osco Ono. 
S20 2.18. (0239) 2203 (0526) Ong) 

S65 ZehOM Ones) 165 (.46) 90.66 

Lysine M20 0.54 (0.08) 0.40 (0.04) O.75 
(yM/g wet wt) M65 0.48 (0.07) 0734, (0208) «Oc7Z 
$20 O52 u0Oe Ia) 0.30.5,(0'04)) 0.58 

S65 0.43 (0.07) O23 C0503)" 10.54 

Glutamate M20 4.48. (0. 24) AAESE MOOG VATE) O2D5 
(yM/g wet wt) M65 4.07 (0.26) PRE I COPA! IM Oy 2) 
$20 3.77 (0534) 0.99 (0.07) 0.26 

S65 3.66 (0.46) 0594 GO.10) 0.26 

Aspartate M20 One 2) .(0)..03) 1D COO) 2.80 
(yM/g wet wt) M65 O24. (0203) On68) (0).08) — 9.04 
$20 0543). CORO) On66e C024) i. 54 

S65 0.40 (0.06) O05, (Osd2) 1. OS 


TABLE 7 Muscle metabolite concentrations in the 
right non-stimulated and left stimulated 
muscles and the left to right ratio for 
the specified sample intervals: MEAN (SEM) , 
n=6. 
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duration groups were not significant (p > 0.05). A summary of glycogen, 
triglyceride, alanine, lysine, aspartate and glutamate concentrations 

in right non-stimulated muscle and left exercised muscle for the four 
intensity-duration groups as well as left versus right ratios for these 
variables are reported in Table 7. 

Right non-stimulated muscle glycogen concentrations were higher 
(p < 0.05) in the M65 group when compared to the other 3 groups (Table 7). 
In spite of these initially different resting levels, a consistent trend 
in left to right ratios was established with relative glycogen depletion 
occurring at a rate affected by both stimulus intensity and duration. 
Examination of absolute concentration differences between right and left 
muscle revealed the average rate of glycogen depletion between initiation 
(rest) and 20 min of stimulation in the S20 group was 2.2 fold greater 
than the rate in the M20 group (0.38 and 0.17) umoles of glycosyl units/ 
g/min, respectively). However, the average rates of glycogen breakdown 
between 20 and 65 min were 0.065 umoles of glucosyl units/g/min in both 
the mild and severe stimulus groups in spite of the noted differences 
in the left exercise to right resting muscle ratios (0.75 and 0.39) for 
the M65 and S65 groups, respectively). 

The data for muscle triglyceride concentrations in the pre-exercise 
muscle preparation revealed no differences (p > 0.05) among groups. (Table 
7). Combinations of intensity and duration of muscle contraction did not 
alter (p > 0.05) the concentration of this stored energy source. 

Intramuscular concentrations of the free amino acids, alanine, ly- 
sine, glutamate and aspartate showed little variability (p > 0.05) be- 
tween groups under resting conditions (Table 7). Of these four amino 
acids, only the free alanine concentration in muscle was altered (p< 0.05) 


by stimulus duration and this was confined to a decrease (p < 0.05) from 
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resting concentration in the M65 group at 65 min. 

Comparison of stimulus intensity effects on free amino acid concen- 
trations, assessed from absolute concentrations, revealed that differences 
were confined primarily to alanine and glutamate concentrations (Table 7). 
Alanine concentration was greater (p < 0.05) in the S20 group when com- 
pared to the M20 group at 20 min. There was no difference (p > 0.05) in 
alanine concentration at 65 min. Glutamate concentration was less (p < 0.05) 
in the S20 group as compared to the M20 group at 20 min and also less 
(p < 0.05) in the S65 group compared to the M65 group at 65 min. 

The trends in left to right ratios of the specified free amino acids 
reveal that, in general, mild stimulation produced a decrease in tissue 
alanine, lysine and glutamate concentrations and a marked increase in 
the tissue aspartate concentration (Table 7). Severe stimulation re- 
sulted in a smaller decrease in the tissue alanine concentration, greater 
decreases in the glutamate and lysine concentrations and a smaller increase 
in the aspartate concentration than did the mild stimulus. Twenty minutes 
of mild and severe stimulation, respectively, resulted in 31 and 5% 
decreases in alanine, 25 and 42% decreases in lysine, 45 and 74% de- 
creases in glutamate and 180 and 54% increases in aspartate. Between 20 
and 65 min of stimulation, the alanine left to right ratio decreased a 
further 14% in mild stimulation and 29% in severe stimulation. During 
this same time interval, tissue lysine was unchanged in that the left to 
right ratios were altered beyond 20 min by only 3 to 4%. Tissue glutamate 
showed no change in left to right ratios in the S65 group (0.26) compared 
to the $20 group (0.26). However, in the mild stimulus groups, left to 
right ratios for glutamate tended to increase in the S65 group ORs?) 
compared to the $20 group (0.55) though it did not return to resting 
concentrations. Tissue aspartate was not affected by continuance of 


severe stimulation after 20 min. Left to right ratios for this amino 
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acid differed by only 9% between 20 and 65 min, respectively. On the 
other hand, mild stimulation resulted in a large decrease in the left to 
right ratios for aspartate between 20 and 65 min. After the initial 2.8 
fold increase in aspartate at 20 min of mild stimulation, its concentration 
decreased at 65 min to only 0.64 fold over the original resting value. 
THE PERCENTAGE OF THE OXYGEN UPTAKE OF THE MUSCLE ACCOUNTED FOR IN CARBO- 
HYDRATE OXIDATION. Estimates of the £V0.,(CHO) under resting and exercise 
conditions for each intensity-duration group are demonstrated in: Table 8. 
Under resting conditions, the muscle preparation required 10 to 14% 
Oi ics V0, for oxidation of the glucose taken up (i.e., where glycogen 
catabolism at rest was assumed to be zero). Mild stimulation of the mus- 
cle increased this proportion to 76% at 15 min. A subsequent decline 
from this value was then noted as only 58% of the oxygen uptake was needed 
to oxidize glucose and glycogen through the CAC after 60 min of mild 
effort. Severe stimulation resulted in slightly lower 70.5 (CHO) than did 
mild stimulation. Carbohydrate oxidation required 62 and 44% of the mus- 
cle oxygen uptake at 15 and 60 min in the S20 and S65 groups, respectively. 
ESTIMATES OF THE QUANTITY OF a-KETOGLUTARATE GENERATED FROM GLUTAMATE 
PYRUVATE TRANSAMINATION. Based on the stoichiometry of the glutamate- 
pyruvate transamination reaction, it was estimated that de novo synthesis 
of oKG from glutamate-pyruvate transamination accounted for 0.003 to 0.017 
umoles of aKG/g/min in the muscle preparation under resting conditions 
(Table 9). Exercise conditions increased the estimated de novo synthesis 
of aKG from glutamate-pyruvate transamination at 15 min in both stimulus 
intensities (46 and 11 fold above rest in M20 and S20, respectively). A 
decline inaKG synthesis from this source was noted at 60 min of stimula- 
tion relative to estimated aKG production at 15 min in both stimulus 


intensities (13 and 7 fold above rest in M65 and S65, respectively). 
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MUSCLE REQUIREMENTS FOR CITRIC ACID CYCLE INTERMEDIATES. The estimated 
flux rates though the citric acid cycle and the malate aspartate shuttle 
at rest and during each of the intensity-duration combinations of exercise 
are summarized in Figure 5. The proportions of these fluxes that could be 
accounted for by oKG produced in the glutamate-pyruvate transamination 
reaction are summarized as individualized estimates in Figure 6 (i.e., 
estimate assumes all oKG from glutamate-pyruvate transamination acted to 
satisfy either one or the other flux, but not a combined requirement). 
Figure 7 provides an estimate of the total requirement of the muscle pre- 
paration for OAA at rest or during exercise, based on the sum of estimated 
fluxes in the CAC and in the malate-aspartate shuttle. The estimated 
proportion of the total need of the muscle for OAA accounted for by akG 
from the glutamate-pyruvate transamination reaction is also presented in 
Elgure i 

Both mild and severe stimulation increased the individual pathway 
and total requirements for OAA in the muscle preparation above resting 
levels, with severe stimulation imposing the greater demand at both the 
15 and 60 min intervals (Figures 5 and 7). The estimated requirements 
for OAA in the CAC was greater than that in the malate-aspartate shuttle 
for all intensity-duration combinations (Figure 6). A marked decline in 
OAA requirement between 15 and 60 min was noted in both mild and severe 
stimulation. 

Estimation of the contribution of akKG from glutamate-pyruvate trans- 
amination in satisfying the needs of the individual pathways or the total 
muscle implied that during mild stimulation, glutamate-pyruvate trans- 
amination activity satisfied a greater proportion of metabolic needs for 


OAA at both the 15 and 60 min sample intervals. The greatest potential 
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contribution of oKG from glutamate-pyruvate transamination to the total 
tissue requirement for OAA flux was 12% in the M65 group. 
CORRELATIONS BETWEEN MUSCLE AMINO ACID DYNAMICS AND SELECTED METABOLIC 
PARAMETERS. Tables 10, 11 and 12 include the significant (p < 0.05) 
correlations among tissue concentrations of the selected free amino acids, 
oxygen uptake and the arterial-venous differences of alanine, glutamate, 
aspartate, pyruvate, lactate and glucose under pre-exercise conditions 
and after 15 or 60 min of contraction. The entire correlation matrices 
for these and other experimental parameters are located in Appendix IX. 
After 15 min of contraction, the two highest statistically signifi- 
cant relationships were between the lactate arterial-venous difference 
and the glutamate tissue concentration and arterial-venous difference 
(r = 0.83 and 0.73, respectively, Table 11). Tissue concentrations of 
alanine were correlated (p <0.05) positively with the oxygen uptake of 
the muscle (r = 0.56) and correlated (p <0.05) negatively with the tissue 
glutamate concentration (r = 0.65) and the arterial-venous differences for 
lactate and pyruvate (r = -0.59 and -0.66, respectively). The alanine 
output of the muscle was negatively correlated (p <0.05) with the glu- 
cose uptake of the muscle (r = -0.60) at the same period (Table 11). 
Sixty min of adaptation to sustained contractile activity resulted 
in a high negative correlation (p <0.05) between the tissue concentra- 
- tions of alanine and aspartate (r = -0.65). However a high positive 
correlation (p <0.05) was established between the alanine and aspartate 


and arterial-venous differences (r = 0.64, Table 12). 
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CORRELATES 
(resting conditions) n c 


—oooeeeeeeeeeeeee 


Tissue Alanine 
VS 
pyruvate A-Vd 24 0.56 


Tissue Glutamate 
vs 
tissue aspartate 24 On62 


Glutamate A-Vd* 
VS 
oxygen uptake 24 0.45 


Tissue Aspartate 
vs 
oxygen uptake 24 0.46 


Aspartate A-Vd* 
vs 
glucose A-Vd* 24 Oao2 


TABLE 10 The significant (p<0.05) correlations 
between tissue free amino acid concen- 
trations, oxygen uptake and arterial- 
venous dynamic parameters under resting 
conditions. 


* A-Vd is the arterial venous difference 
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CORRELATES 
(15 min of muscle 
stimulation) n G 


Tissue Alanine 


; vs 
oxygen uptake t2 0.56 
tissue glutamate 2 -~0.65 
pyruvate A-Vd* 12 -0.56 
lactate A-Vd* 2 -0.59 


Alanine A-Vd* 
vs 
glucose A-Vd* iy -0.60 


Tissue Glutamate 


vs 
oxygen uptake 12 =0..56 
pyruvate A-Vd* az 0.68 
lactate A-Vd* 2 0.83 


Glutamate A-Vd* 
vs 
aspartate A-Vd* a2 UENO) 
lactate A-Vd* i 0.73 


Aspartate A-Vd* 


vs 
oxygen uptake 2 -0.62 
lactate A-Vd* 2 Os63 


TABLE 11 The significant (p<0.05) correlations 
between tissue free amino acid concen- 
trations, oxygen uptake and arterial- 
venous dynamic parameters after 15 
minutes of muscle stimulation 


* A-Vd is the arterial venous difference 
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CORRELATES 
(60 min of muscle 
stimulation) n r 


Tissue Alanine 
vs 
tissue aspartate iz -0.65 


Alanine A-Vd* 
vs 
aspartate A-Vd* 12 0.64 


Tissue Glutamate 


vs 
oxygen uptake 12 -0.63 
glucose A-Vd* V2 -0.58 


TABLE 12 The significant (p< 0.05) correlations 
between tissue free amino acid concen- 
trations, oxygen uptake and arterial- 
venous dynamic parameters after 60 
minutes of muscle stimulation. 


* AwVd is the arterial venous difference 
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DISCUSSION 
AN EXERCISE FRAME OF REFERENCE. Peter et al. (1972) have stated that 
for interpretation of biochemical studies of skeletal muscle, selection 
of muscle of one fiber type is necessary to avoid obfuscation. There- 
fore, an important step in evaluating the functional significance of 
present observations was the establishment of a frame of reference for 
exercise conditions. The following discussion of metabolic interactions 
pertains specifically to exercise involving complete recruitment of all 
muscle fibers in a homogeneously high oxidative skeletal muscle (Appen- 
dix VIII comprised of equal proportions of fast and slow twitch units 
(Table 2). 

Previous research from this laboratory (Gardiner, 1976) revealed 
that the initial rapid decline in tension development up to 15 min as 
seen here, was highly related to lactate accumulation in the muscle 
preparation presumably as a result of an initial high rate of glycolysis 
in FOG fibers. The marked decline in lactate production after 5 to 7 
min of exercise as reported by Hirche et al. (1970b, 1971, 1973, 1975) 
and Gardiner (1976) suggested a shift in metabolism from predominantly 
glycolysis to a more oxidative pattern of metabolism. Hence, this 
stage of metabolic adaptation to exercise was avoided in selection of 
the present sample intervals since primary interest lay with the inter- 
actions of the specified pathways during sustained, predominantly 
oxidative energy metabolism. 

The use of the in situ gastrocnemius muscle preparation as a model 


for prolonged metabolic experimentation and the observed trends in ten- 
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sion development in these studies has been reported elsewhere (Welch 
and Stainsby, 1967; DiPrampero tale HUGO Si rchetetra le ey Oars 
1971; Fitts et al., 1973; Morganroth et _al., 1975; Horstman et al., 1976). 
The capacity of the dog gastrocnemius muscle for prolonged, rhythmic 
tension development (Figure 4) was consistent with the presence of only 
highly oxidative muscle fibers in this muscle (Appendix VIII) (Maxwel] 
et_al., 1975). Even with recruitment of all muscle fibers by direct 
maximal stimulation, pronounced fatigue, as judged from tension changes, 
was not seen. It was apparent though, that the maximum tension developed 
by the muscle at the initiation: of exercise could not be maintained. 

An initial rapid decline in tension development (to 15 min) was followed 
by a steady state of not: less than 50% of the original capacity for ten- 
sion development even after 1 hour of continual activity. 

In spite of similarities between work performance in this and other 
studies, interpretation of present metabolic data and comparison of these 
data with others of a similar nature was a complex matter. It was evi- 
dent that a variety of experimental conditions may limit inferences as 
to muscle metabolism in such experiments since no standardized pattern 
of experimental technique has emerged. The following factors were of 
primary concern in this regard: 1) the extent of interanimal variabil- 
ity (i.e., different breeds of dogs), 2) the choice of anesthetic agent, 
3) the degree of viability maintained in the dog as a whole as well as 
the constancy of the physiological and biochemical milieu of the in 
situ muscle and 4) the temporal pattern and frequency of stimulation 
plus the resultant contraction whether it be sustained or rhythmic, 
isometric or isotonic, tetanic or twitch. 


Where possible, rigorous procedures were followed in this study to 
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control or account for those factors which may have altered the metabolic 
responses of the anesthetized dog and its gastrocnemius muscle to the 
rhythmic, isotonic tetani¢é trains from direct maximal muscle stimulation. 
INTERANIMAL VARIABILITY. A number of reports of comparable nature to 

the present study have indicated large ranges in metabolic responses of 
muscle which were directly associated with a heterogeneous population of 
dogs (Stainsby and Welch, 1966; Chapler and Stainsby, 1968; Hincneretral® , 
1970b; Chapler and Katrusiak, 1974). In addition, Secord and Russell 
(1973) have compared Labrador retrievers to mongrel dogs on a large num- 
ber of metabolic and hematological parameters. Selective breeding for 
stamina in Labrador retrievers was found to result in greater data homo- 
geneity in this population of dogs. Also, differences between Labrador 
retrievers and mongrels in metabolic patterns and more specifically, sig- 
nificant differences in circulating levels of pyruvate and lactate, were 
of particular consequence to present studies. Labrador retrievers were 
characterized by higher circulating lactate but lower circulating pyru- 
Vale; 

Although these constraints were known at the outset, the use of a 
smal ] number of mixed breeds of dogs was necessitated in this study by 
financial restraints. Therefore, attempts were made to "equalize" groups 
by random assignment without replacement in the case of pure-bred dogs. 
This design met with partial success in that even though groups appeared 
to be balanced as to breed occurrence (Appendix VI, Table 1), a high de- 
gree of variability was established in several key metabolic parameters 
(Tables 3, 4, 5 and 7). This interanimal variation may have resulted in 
failure to demonstrate consistent significant (p¢0.05) differences 


between intensity-duration groups in certain cases. 
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THE CHOICE OF ANESTHETIC AGENT. It is commonly held that anesthesia 
constitutes a physiological trespass on the animal and differential 
alteration of homeostasis by various anesthetics is well documented 
(Chenoweth and VanDyke, 1969a, b; Miller, 1969; Strobel and Wollman, 
1969). Thus, conclusions based on results where only one anesthetic 
is used can prove misleading. 

The primary bases for selection of the anesthetic agent (halothane) 
in the present study were associated with maintenance of a constant 
plane of anesthesia and avoidance of some of the critical side-effects 
of the barbituate, sodium pentobarbital, which is commonly employed in 
similar studies (Corsi et al., 1969; Barclay and Stainsby, 1972; 

Whalen et_al., 1973; Duran and Renkin, 1974; Morganroth et al., 1975; 
Horstman et_al., 1976). In brief, barbituates produce decreased 
sympathetic tone, decreased cardiac output, respiratory acidosis and 
decreased circulating lactate and pyruvate levels (Chenoweth and VanDyke, 
1969b; Strobel and Wollman, 1969). More recently, Dunn and Critz (1975) 
have elaborated on the barbituate induced inhibition of fatty acid oxi- 
dation in skeletal muscle (Armstrong et al., 1961) and shown that during 
stimulation of dog skeletal muscle, this inhibition may produce mis- 
leading lactate production data. 

Halothane, as an inhalant, readily satisfied present criteria. How- 
ever, the complications of this choice bear mention. The enhancement of 
body heat losses through peripheral dilation, decreased respiration, de- 
creased cardiac output and decreases in mean blood pressure have been 
attributed to this anesthetic (Miller, 1969; Strobel and Wollman, 1969). 
Direct metabolic effects of halothane have not been widely documented, 


although Mitchelson and Hird (1973) have found that skeletal muscle mito- 
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chondria are sensitive to concentrations of halothane greater than 3 
millimolar, a much higher tissue concentration than normal anesthesia 
would produce (Miller, 1969). 

MAINTENANCE OF EXPERIMENTAL VIABILITY. Attempts to counteract the phy- 
Siological phenomenon associated with halothane anesthesia were largely 
successful in these experiments. Muscle and rectal temperatures were 
maintained by artificial methods (Appendix VII, Table 6) while femoral 
P05 (Appendix VII, Table 4) was also regulated in line with data for 
unanesthetized dogs (Fiegl and D'Alecy, 1972). However, it was not pos- 
Sible to maintain normal arterial blood pressure in these experiments 
without artificially perfusing the muscle. Mean values for systolic and 
diastolic blood pressure (Appendix VII, Table 5) were recorded at sub- 
normal levels (Tipton et al., 1974). The relevance of this observation 
will be clarified at a later point. (pp. 73). 

Due to the nature of metabolic experimentation and its related poten- 
tial for subsequent interpretation, selected physiological and biochemical 
variables, besides those known to be affected by halothane anesthesia, 
were considered of importance in providing a normal environment for the 
working muscle. Comparison of Characteristics used to judge via- 
bility in this study with values reported for unanesthetized dogs revealed 
that mean arterial concentrations (Appendix VII, Table 2) were normal for 
glucose (Paul et _al., 1966; Canadian Council on Animal Care), lactate 
(Paul, 1970), free fatty acids (Paul et al., 1966; Paul, 1970), and the 
selected free amino acids (Hier and Bergeim, 1946). Comparative data for 
arterial pyruvate concentration in unanesthetized dogs was unavailable. 
Mean values of arterial Hb and Hct (Appendix VII, Table 3) were 


comparable to accepted canine hematological data (Secord and Russell, 
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197s yGreenieat *eteal 3° 19743 eT ipton eteal ay 1974; Canadian “Gounctl on 
Animal Care) whereas mean arterial pH values (Appendix VII, Table 4) fell 
in the low normal range for unanesthetized dogs (Fieg] and D'Alecy, 1972). 
Mean values for arterial total proteins (Appendix VII, Table 3) were com- 
parable to the resting range in unanesthetized dogs (Greenleaf ebed lie, 
1974). 

Of those variables considered for viability assessments, only 
arterial plasma proteins (Appendix VII, Table 3) and arterial pH (Appen- 
dix VII, Table 4) demonstrated significant (p < 0.05) shifts during pro- 
longed experiments in the M65 and S65 groups, respectively. It should be 
noted, however, that arterial plasma proteins and arterial pH followed 
similar, though not significant (p > 0.05) trends, in the other prolonged 
experiments (S65 and M65 groups, respectively). 

The decreases in arterial plasma proteins beyond 20 min in the M65 
group (p <0.05) and S65 group (p >0.05) most likely reflected the com- 
bined effects of surgical blood loss, sampling blood loss and dilution 
of the remaining pool of blood by the intravenous Ringer's drip. However, 
the lack of correlation (p >0.05) between this and other exercise exper- 
imental parameters (Appendix IX, Table 3 and 4) and the lack of similar 
decreases (p >0.05) in arterial Hb and Hct (Appendix VII, Table 3) in 
these groups at these same time periods suggests little metabolic impor- 
tance relative to this observation. 

The shift in femoral arterial pH under prolonged exercise conditions 
in the M65 group (p > 0.05) and the S65 group (p <0.05) (Appendix VII, 
Table 4) may have been the result of respiratory depression and a related 
acidosis (Chenoweth and VanDyke, 1969b). Arterial pH values of 7.24 (M65 
at 60 min) and 7.29 (S65 at 60 min) fall outside of accepted limits for 


normal unanesthetized canines (fieg] and D'Alecy, 1972). However, these 
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values are in excess of the experimental acidosis induced by Hirche et al. 
(1975). Blood pH in their experiments (6.95 to 7.10) resulted in decreased 
release of lactate from dog skeletal muscle, decreased muscle work per 

unit time and rapid decreases in muscle VO>. These observations (Hirche et 
al., 1975) were believed to reflect higher lactate concentrations in 

the muscle. In addition, Harken (1976) has discussed the critical depen- 
dency of muscle V0, on extracellular fluid pH. It appears that V0. may be 
altered as much as 10% by pH changes of 0.1. However, data from this lab- 
oratory (Gardiner, 1976) does not support metabolic and work performance 
effects in the in situ dog muscle preparation as a result of the small 
acidosis seen in the present groups. In fact, the slight pH decreases 
observed here may have been important in increasing blood flow in exercising 
in situ muscle. Stowe et al. (1975) have reported that blood pH decreases 
in exercise are directly associated with exercise hypermia. Artificial 
increases in pH to resting values in their work (Stowe and coworkers) 

was accompanied by decreases in blood flow to resting levels, even though 
the in situ muscle was performing work. 

The availability of oxygen to skeletal muscle is affected by blood 
flow, blood oxygen tension and the number of capillaries participating in 
gas exchange (Stainsby and Otis, 1964; Hudlicka, 1973; Wenger and Reed, 
1976). Therefore the ability of denervated muscle to spontaneously regu- 
late its own blood supply to varied metabolic demands (Hudlicka, 1973) is 
an important index of viability during long lasting experiments where 
deterioration of physiological conditions may occur (Barclay and Stainsby, 
oI) e 

The low correlation (r = -0.04, p 70.05) between resting blood flow 
and resting V0, of the muscle in this study indicated autoregulation of 


resting blood supply. Duran and Renkin (1974) and Barclay and Stainsby 
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(1975) have reported that resting VO, in dog skeletal muscle preparations 
was independent of blood flow only if regulatory vascular responses were 
present in the muscle. On the other hand, parallel shifts in the muscle 

VO, and its blood flow during exercise sample intervals in the present work 
(Table 3) also suggested that autoregulation was maintained in exercise 
conditions (Barclay and Stainsby, 1975). Correlations of VO, and blood 
flow at 15 and 60 min sample intervals were found to be 0.76 (p < 0.05) 

and 0.75 (p < 0.01), respectively (Appendix X,: Tables 3 and 4). 

Venous blood oxygen tensions during work in this study (Appendix VII, 
Table 4) did not approach muscle VO, limiting values of 13 mmHg as reported 
by Stainsby et al. (1972) and Stainsby (1973). Wenger and Reed (1976) have 
stated that it is possible since venous blood represents total muscle 
drainage and not actual drainage of only those fibers which are extracting 
oxygen, that inflated P\0. data may be inaccurately assessed. This could 
not be the case in the present experiments since all fibers were recruited 
by the applied electrical stimulus (Appendix VIII) (Kugelberg and Edstrom, 
1968) and the dog gastrocnemius is homogeneous with respect to highly 
oxidative fiber types (Appendix VIII). 

In summary, although some alterations in selected parameters were 
noted in present experiments, good viability was maintained. 

ELECTRICAL STIMULATION AND MUSCLE METABOLISM. The decision to employ 
direct muscle stimulation was a result of preliminary work. Although 
Hirche et al. (1971) have reported no differences as to metabolic effects 
associated with nerve versus direct muscle stimulation, pilot work in the 
present study led to doubts of nerve viability during prolonged electrical 
stimulation of this tissue. 

The choice of rhythmic tetanic trains as the temporal pattern of 


muscle stimulation was based on reports which suggested that in vivo 
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muscle contraction is predominantly tetanic, aS opposed to twitch, in 
nature (Bigland and Lippold, 1954; Barclay and Stainsby, 1972). Further, 
it was known that metabolic requirements of the muscle could be success- 
fully varied by altering the intratrain stimulation rate (DiPrampero et al., 
1969; Horstman, et_al., 1976). Preliminary study to establish the temporal 
variations in pattern of stimulation required to produce slightly elevated 
and highest V0, and blood flow for any overall stimulation rates resulted 
in the selection of the patterns of stimulation reported here. 
MUSCLE METABOLIC RATES DURING CONTRACTION. Resting values for blood flow, 
oxygen uptake and lactate output (Tables 3 and 4) were consistent with 
previous reports of the in situ dog gastrocnemius muscle preparation (Chap- 
ler and Stainsby, 1968; DiPrampero et al.., 1969; Hirche et al.,.1970b). 
Therefore the fact that both mild and severe stimulation patterns in this 
study produced metabolic responses below maximum reported patterns provided 
initial indications that contractions were primarily aerobic in nature. 

Blood flow responses Be stimulation reached maximum mean values of 
approximately 60 ml/min in contrast to reports where blood flow in sim- 
ilar models exceeded 120 ml/min (Hirche et al., 1970b, 1975). 

Greatest oxygen uptake responses in the present studies were simil- 
arly low, 8 fold over resting values, compared to accepted maximum V0, 
for this muscle preparation in the order of 20 to 40 fold above resting 
metabolism (Stainsby and Welch, 1966; Chapler and Stainsby, 1968; Hirche 
et_al., 1970b, 1975; Horstman et al., 1976). 

Blood -flow restrictions of oxygen uptake increases were not obvious 
as evidenced by the mean P 0. and P\0. values discussed earlier. More- 
over, Hirche et al. (1970a) claim that flow is facilitated by rhythmic 


compression of veins during contraction in the isolated in situ muscle 
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preparation. Rhythmic patterns of muscular contraction are known to 
produce a similar in vivo pattern (Hudlicka, 1973). 

Maximum observed lactate outputs by the present muscle preparation 
also supported the suggestion of oxidative metabolism during the sel- 
lected sample intervals (Table 4). Highest reported lactate outputs by 
similar muscle preparations under chloralose-urethane anesthesia (Hirche 
et al., 1970b, 1975) and barbituate anesthesia (Stainsby and Welch, 1966; 
Chapler and Stainsby, 1968) were approximately 2 and 4 fold, respectively, 
above those reported here. Comparison of present lactate output values 
with those reported by Stainsby and coworkers must be considered cautiously 
because of their use of barbituate anesthesia (Dunn and Critz, 1975). 

Although present evidence of unlimited oxygen supply to the muscle is 
compelling, further considerations were important. Barclay and Stainsby 
(1975) have reported that maximum metabolic rate cannot occur in this mus- 
cle preparation at blood pressures associated with barbituate anesthetized 
dogs. The factors responsible for flow dependent VO. were not established 
but evidence indicated that it was not oxygen limited. Halothane, a hypo- 
tensive drug, reduced perfusion pressure in present experiments and may 
therefore have limited muscle blood flow (Hudlicka, 1973). Experiments 
employing rhythmic twitch patterns of stimulation showed marked differences 
in V0, between frequencies of 1 and 5 twitches per sec (Chapler and Stainsby, 
1968; Barclay and Stainsby, 1972). Further, rhythmic tetanic stimulation, 
derived from varied trains of impulses delivered to dog gastrocnemius mus- 
cle, have also produced large differences in VO, under mild versus severe 
stimulation conditions. DiPrampero et al. (1969) have varied impulse 
trains between 0.2 .seceon to .2s6 sec off andl J2esec*on tosl.8tsec off: 
Oxygen uptake increases 10 fold over rest with the severe stimulus and a 


2 fold difference was noted between mild and severe stimulation patterns 
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for VO». Horstman et al. (1976) have conducted studies of dog gastroc- 
nemius muscle employing variations in the numbers of impulses per train 
while keeping the intratrain stimulation frequency constant at 40 stimuli 
per sec. Marked differences in VO, between stimulus severities were 
noted over a continuum from near resting v0, up to accepted maximum VO, 
values of 107 ul/g/min. Trains of impulses in this study of 0.08 sec 

on to 2.7 sec off and 1.4 sec on to 2.7 sec off resulted in far less 
variation in V0, between the mild and severe intensity groups than was 
anticipated. Failure to observe expected metabolic differences between 
mildly and severely stimulated muscle in present studies might be attri- 
buted to flow limited VO, in the severe group, but this effect was not 
mediated by hypoxia. 

An alternative suggestion is that maximum VO, of the in situ muscle 
could not be established by trains of impulses of the pattern employed | 
here. Fales et al. (1960) and Stainsby and Fales (1973) have reported 
that V0, per stimulus is lower when large groups of stimuli are delivered 
continually to a muscle. In effect, this could indicate energy conser- 
vation as a result of fusion of responses to each impulse (Fales et al., 
1960). Certainly the methods and results of DiPrampero et al. (1969) 
are closer to present efforts than are those reports employing twitch 
stimulation. However, Hirche et al. (1970b, 1975), while employing 
trains of impulses (0.2 sec on to 0.5 sec off), have repeatedly found 
muscle VO, in excess of 120 ul/g/min, the accepted maximum for the in 
situ muscle preparation during both rhythmic twitch and tetanic stimula- 
tion. 

The findings of Horstman et_al. (1976) further complicate this issue 


in that although large differences in VO, were noted for variations in 
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impulse trains, these authors were opposed to the suggestion of Barclay 
and Stainsby (1975). Horstman and coworkers concluded that maximum V0. 
in their muscle preparation was normally limited by oxygen delivery 

rather than intrinsic muscle limitations. 

In summary, if oxygen is not the mediator of flow dependent maximum 
muscle V0, (Barclay and Stainsby, 1975), the less than expected differ- 
ences in metabolic rates between mild and severe stimulation patterns in 
the present study may reflect the stimulus pattern employed here or may 
be attributable to yet unestablished factors in blood or muscle. 
ARTERIAL-VENOUS DYNAMICS. The use of the Schlein correction (Schlein 
et_al., 1973) for water loss from plasma during transit through skeletal 
muscle limited direct comparison of absolute values of present arterial- 
venous differences with previous publications. In addition, reports of 
pyruvate and amino acid arterial-venous differences in this study (Tables 
4 and 5) constitute initial records of these events from the in situ dog 
gastrocnemius muscle preparation. Nonetheless, trends in other blood- 
borne metabolites in this study should be comparable with data reported 
elsewhere, provided that anesthesia effects are not confounding. 

The similarities between present lactate output and previous reports 
of the parameter have been discussed. 

The small glucose uptake witnessed here in resting in situ muscle 
(Table 4) has been documented (Bass and Hudlicka, 1960; Chapler and Stains- 
by, 1968; Corsi et al., 1969; DiPrampero et al., 1969; Hirche et al., 
1970b). Although the alteration of glucose uptake that accompanied both 
intensities of electrical stimulation in this study (Table 4) conform to 
reported trends (Chapler and Stainsby, 1968; DiPrampero et al., 1969; 


Hirche et al., 1970b), the severe stimulus employed here produced glucose 
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uptakes which were consistent with submaximal exercise levels (Chapler 
and Stainsby, 1968; Hirche et al., 1970b). 

The slight, consistent output of free fatty acids by the resting 
muscle preparation (Table 4) under a variety of anesthetic agents has 
also been reported earlier (DiPrampero et al., 1969; Hirche et al., 1970b). 
This is in contrast to in vivo occurrences marked by a small resting up- 
take of fatty acids by dog skeletal muscle (Paul and Issekutz, 1967; Paul, 
1970). The mediating factors and metabolic significance of fatty acid 
release from resting in situ muscle preparation ig unclear at present. 
However, it could be conjectured that anesthesic agents in general pro- 
duce imbalances in intramuscular fat metabolism at the level of lipolysis, 
re-esterification or 8-oxidation. 

With prolonged contractile activity, substantial increases in free 
fatty acid uptake occur in dog skeletal muscle preparations (DiPrampero 
CL licc 1969; Hirche et al., 1970b). The extent of free fatty acid up- 
take demonstrated by Hirche et al. (1970b) increased during the initial 
adaptive period in tension development (0 to 13 min) and thereafter re- 
mained relatively constant. Although present data (Table 4) was more 
variable than that reported by Hirche et al. (1970b), free fatty acid up- 
take approximated the trends observed earlier (DiPrampero et al., 1969; 
Hirche et al., 1970b). The magnitude of the present trends were consis- 
tent with the two distinct aerobic demands. 

The very slight output of pyruvate from resting or rhythmically con- 
tracting dog gastrocnemius muscle has not been previously documented. How- 
ever, outputs of this magnitude were expected since very low concentrations 
of pyruvate have been found in the venous drainage of dog limbs (Secord and 


Russell, 1973; Tipton et al., 1974). 
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MUSCLE TISSUE CONCENTRATIONS OF GLYCOGEN AND TRIGLYCERIDES. Note: 
Muscle concentrations of the selected metabolites in this study were 
examined by comparison of left stimulated muscle with right non-stimu- 
lated muscle (Table 7) [i.e., tissue samples for both stimulated and 
non-stimulated muscle were collected at the completion of the stimula- 
tion period (Figure 3)]. This scheme provided an index of experimental 
viability in that muscle metabolite concentration changes in non-stimu- 
lated muscle of the four intensity-duration combinations should reflect 
any deterioration of the muscle preparation with time. Of the muscle 
metabolites assayed, only triglyceride concentration demonstrated a 
consistent trend in this regard (Table 7). Comparison of right non- 
stimulated muscle in the four groups revealed a trend, though not signif- 
icant (Pp >0.05), for lower triglyceride concentrations in the M65 and 
S65 groups when compared to the M20 and S20 groups. The significance 
of this is unclear, but did not appear to indicate loss of viability 
with time since other muscle metabolites did not demonstrate a similar 
trend in these same groups (Table 7). 

Resting muscle glycogen concentrations in this study (Table 7) were 
low compared to earlier reports of dog gastrocnemius muscle (Chapler and 
Stainsby, 1968; Corsi et al., 1969; Chapler and Moore, 1972) and inter- 
group concentration differences were noted at rest (M65 >M20, S20, S65; 
Table 7). prenenan the suggestion that initial glycogen concentrations in 
muscle may limit the capacity of a muscle for prolonged intense effort 
(Saltin and Karlsson, 1971a; Hultman and Bergstrém, 1973), it did not 
appear to-affect tension development in this study (Figure 4). However, 
the effects of initial differences of muscle glycogen content on exercise 


glycogen depletion patterns and related metabolic events are noteworthy. 
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Glycogen depletion rates in the M20 and $20 groups, which showed similar 
initial glycogen content, were approximately 2 fold different in terms 
of both relative rates (left to right ratios) and absolute rates (Table 
7). Glycogen disappeared at 0.17 and 0.38 umoles of glucosyl units/g/min 
over 20 min of mild and severe exercise, respectively. These changes 
were comparable to 17 and 42% decreases in initial concentrations based 
on left to right ratios. On the other hand, glycogen content at rest 
in the prolonged groups were 2 fold greater in the M65 than S65 group 
(Table 7). After 65 min of stimulation, approximately 25 and 61% of 
the initial glycogen content of mild and severely stimulated muscle had 
been depleted. Yet, glycogen had been catabolized at equal absolute rates 
from these initial pools, 0.065 ymoles of glucosyl units/g/min in both 
intensities of exercise. 

The fact that initial glycogen content influences rate of breakdown 
has been reported earlier (Klausen et al., 1975; Essén et al., 1975). 
However, variability in present glucose and lactate arterial-venous dif- 
ferences (Table 3) did not support or refute the suggestion that as work 
progresses and glycogen is depleted, blood glucose (Wahren et al., 1975) 
and lactate (Essen et_al., 1975) become increasingly important to the 
maintenance of a required muscle carbohydrate supply. This effect, if 
apparent, would have been noted in comparisons of the M20 and M65 groups 
where pre-exercise glycogen concentrations were 1.75 fold greater in the 
M65 group (Table 7) and intensity of work was equalized by electrical 
stimulation. On one hand, present glucose arterial-venous difference 
suggests a trend. toward a lower glucose uptake in the M65 group at 15 
min compared to the M20 group at this same period (Table 3). But, trends 
in lactate arterial-venous differences also indicate greater lactate 


production in the M20 éhan M65 group at 15 min (Table 3). 
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The large variability of muscle triglycerides (Table 7) resulted 
in no relationships between muscle at rest or following exercise. Pre- 
vious observations in long term, maximally contracting dog in situ 
gastrocnemius muscle preparations, suggested that triglycerides in mus- 
cle are used when the supply of plasma free fatty acids is lower than 
the demand for g-oxidation in muscle (DiPrampero et al., 1969; Barclay 
and Stainsby, 1972). Present data (Table 7) do not compare consistently 
with reports of 13.6 + 0.9 umoles of triglyceride/g/wet weight in resting 
dog gastrocnemius muscle (Barclay and Stainsby, 1972). The differences 
between present and earlier observations most likely reflect technical 
problems inherent in the triglyceride assay. Large variations (20%) in 
left to right muscle concentrations under resting conditions have been 
noted for small sample sizes from dog gastrocnemius muscle (Barclay and 
Stainsy, 1972) and for total muscle homogenates of monkey muscle (Masoro 
et al., 1964). The technical difficulties of cleaning muscle samples 
of intercellular fat depots has been proposed as a major limitation to 
direct study of intramuscular triglycerides (Paul, 1975). An alternative 
Suggestion to that discussed above might involve triglyceride concentra- 
tion changes in right non-stimulated muscle as a result of the experi- 
mental protocol (Figure 3). 

Resting pre-stimulation muscle preparations demonstrated small con- 
sistent free fatty acid outputs (Table 4). This effect could account for 
the decreasing triglyceride concentrations in the right non-stimulated 
muscle of the 65 min groups since this muscle was not examined until the 
completion of each experimental period. Moreover, the effects of stimu- 
lation of the left muscle and its communication with the total dog for 
the experimental period could act through some unestablished series of 


events to alter fat metabolism in the right non-stimulated muscle. A 
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further suggestion, previously mentioned (pp. 76 ) is the possible 
effects of anesthetic agents on intramuscular fat metabolism. 

BALANCE OF SUBSTRATE UTILISATION FOR OXIDATIVE METABOLISM. Estimation 

of the percentage of muscle V0, accounted for by carbohydrate oxidation 
(4V0,,(CHO)) (on the basis of net exchange of metabolites with blood per- 
fusing the muscle) revealed that carbohydrate oxidation accounted for 
only 10 to 14% of the resting VO, (Table 8). This is in keeping with 
prior reports of the preponderance of fat oxidation by resting dog muscle, 
both in situ (Chapler and Stainsby, 1968; DiPrampero et al., 1969; Hirche 
and Vollmer, 1970; Barclay and Stainsby, 1972) and in vivo (Paul and 
Issekutz, 1967; Issekutz and Paul, 1968; Paul, 1970). 

Estimates of “V0, (CHO) for exercise conditions revealed trends which 
were generally consistent with previous reports of the major role played 
by carbohydrates in support of exercise muscle metabolism, in situ (Chap- 
ler and Stainsby, 1968; DiPrampero et .al., 1969; Barclay and Stainsby, 
1972). The fact that severe stimulation required 62 and 44 £0, (CHO) 
at 15 and 60 min, respectively as compared to mild stimulation requiring 
76 and 58 #6VO. (CHO) at these same respective intervals suggested that 
the two exercise intensities were not sufficiently different for varia- 
tions in £N'0,,(CHO) to occur. Certainly, 62 versus 76 and 44 versus 58 
“V0-,(CHO) values are within accepted limits of the errors inherent in 
the assumption underlying “V0.,(CHO) estimates. 

A comparison of these estimates with data from DiPrampero et al. 
(1969) support this conjecture. By subjecting similar preparations to 
mild and severe stimuli, they showed muscle VO, differing by 2 fold (45.6 
to 88.5 ml/kg/min) compared to 1.8 fold differences in WO, in the present 
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intensity groups (Table 3) (48.6 to 86.2 wl/g/min). Yet, mean RQ values 
related to their observed V0, were 0.86 ¢ 0.05 and 0.89 + 0.03, respect- 
ively, which suggested similar large contributions of carbohydrates to 
oxidative processes in both intensities of prolonged exercise (3 hr). 
Their estimates of “V0, (CHO) , based on muscle-blood dynamics of metabo- 
lites, also supported similarities in the preponderance of carbohydrate 
oxidation in the two intensity groups. However, both present data and 
that of DiPrampero et al. (1969) are in contrast to that of Chapler and 
Stainsby (1968) who noted very large differences in exercise intensity 
effects on estimates of 2V0., (CHO) . Their work on prolonged exercise, 
however, must be considered with caution in that the use of barbituate 
anesthesia may have inhibited fatty acid oxidation (Dunn and Critz, 1975) 
in the in situ gastrocnemius muscle preparation. 

THE PATTERN OF MUSCLE AMINO ACID METABOLISM. Since the inferences which 
can be drawn from present data attends the reliability of quantitative 
analysis of amino acids, it is essential that evidence be provided in 
this vane. As stated earlier, direct support for the extent of muscle- 
blood amino acid dynamics observed in this study (Table 5) are unavail- 
able since present data constitute initial reports of these events in the 
dog gastrocnemius muscle preparation. However, indirect evidence of the 
reliability of present measurements was found. 

Weissel et al. (1973) have reported resting tissue concentrations 
of free glutamate and aspartate from dog "calf" muscles. Intramuscular 
free contents of these amino acids were 3.60 t 0.14 and 0.30 ¢ 0.02 u 
moles/g/ wet weight for glutamate and aspartate, respectively, compared 
to 3.99 + 0.44 and 0.41 + 0.04 ymoles/g wet weight for these same re- 


spective metabolites in this study (Table 7). In addition, amino acid 
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concentrations of femoral arterial blood from anesthetized dogs in this 
study (Appendix VII, Table 2) compare very favorably with reports of 
these parameters in intact resting dogs (Hier and Bergeim, 1946). Exam- 
ination of resting arterial concentrations of the selected amino acids 
and the free pools of these same amino acids in resting skeletal muscle 
in this study demonstrated proportional concentrations (Table 7 and 
Appendix VII, Table 2). Therefore, the report that resting arterial 
blood concentration of any one amino acid is reflected in the relative 
size of the muscle free pool of that amino acid (Bahos et al., 1973) is 
supported by the present data. 

The observed increase in the muscle free pool of aspartate and the 
decrease in the muscle free pool of glutamate (Table 7) were expected in 
exercise (Borst, 1962; Edington @tvals, 1973; 9Kkoziolsand Edington, 1975). 
But alanine was found in unchanged or diminished intramuscular free concentra- 
tions dependent upon the intensity-duration combinations of muscular ac- 
tivity (Table 7). As judged from left to right ratios the alanine con- 
tent in muscle decreased 31 and 45% in mildly exercised muscle at the 
20 and 65 min sample intervals, respectively. Severe stimulation pro- 
duced 5 and 34% decrements in the muscle free alanine pool at these same 
respective intervals. This is contrasted to reports of unchanged or 
increased intramuscular contents of free alanine during 10 min of electri- 
cal stimulation of in vitro skeletal muscle of rats (Edington, 1973; 
Koziol and Edington, 1975). Reports of muscle alanine dynamics in prepar- 
ations similar to the present muscle model, which have been stimulated for 
periods of time up to 1 hour, are not available at this time. 

Ahlborg et al. (1974) witnessed progressive increases in output of 


alanine with time up to 4 hr from the leg muscles of exercising men (work 
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load equal to 30% of VO, maximum). Further, Felig and Wahren (1974) have 
reported that alanine production in skeletal muscle of exercising men 
responds directly to exercise intensity. Alanine outputs during mild 
moderate and heavy exercise were 1.5, 1.9 and 5 fold above resting ala- 
nine output, respectively. While exercise alanine output increases 
reflected the intensity of exercise in present experiments (Table 5), a 
decline in alanine output was noted between 15 and 6O min in both exer- 
cise intensities. 

The discrepancies between present observations of alanine dynamics 
and earlier reports noted above, must certainly reflect differences in 
the experimental models. Volitional exercise in man involved recruit- 
ment patterns quite different to the present (Gollnick et al., 1973d, 


1974a). The fact that VO, in the exercising subjects of Ahlborg et al. 


2 
(1974) was at an apparent steady state level for 4 hr, is definitely 
contrasted to exercise metabolic events in electrically stimulated in 

situ muscle. Electrical recruitment of all fibers in the dog gastroc- 
nemius muscle appeared to result in decreasing V0, in the muscle between 

15 and 60 min (Table 3) although tension declines were not obvious in 

this same period (Figure 4). Similar phenomena have been reported for 

the in situ muscle model (Chapler and Stainsby, 1968; Hirche et al., 1970b), 
but the basis of this effect is as yet unexplained. Fatigue and lack of 
contribution to tension development or metabolism in some muscle fibers 
might be expected as stimulation is prolonged. However, V0, and tension 
changes are not parallel, suggesting that these events are mutually ex- 
clusive. The parallel between alanine arterial-venous difference changes 


(Table 5) and other metabolic changes (Tables 3 and 4), therefore suggests 


decreasing metabolic rate in the muscle preparation, even though an appar- 
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ent steady state of tension development was occurring (Figure 4). 

The unanticipated changes in intramuscular free alanine may in part 
reflect the above considerations. But other events may also be involved. 
The tendency, though not significant (p>0.05), for arterial concentra- 
tions of the selected free amino acids to decrease during the experimen- 
tal periods may be implicated. It is known that muscle tissue concentra- 
tions of amino acids are regulated closely with the concentrations of 
amino acids in the blood stream (Banos et al., 1973). It could also be 
proposed that increased intramuscular metabolite concentrations (i.e., 
lactate) associated with muscular exercise (Hirche et al., 1971) could 
affect water accumulation in the muscle (Table 4) and muscle water up- 
take could dilute existing pools. Increased metabolite concentrations 
in muscle on the other hand might also provide the impetus for passive 
loss of amino acids as a result of an altered osmotic balance. However, 
the observation that glutamate and aspartate contents of muscle (Table 
7) behaved as previously reported does not support any of the above 
conjectures. This may mean that observations of alanine were not biased 
by external forces or that alanine loss from muscle is mediated differ- 
ently than glutamate or aspartate loss. The latter is opposed by reports 
of Bafios et al. (1973). 

In summary, the cause or causes of progressive alanine loss from 
muscle during exercise in the present studies remains obscure, but prob- 
ably reflects the events discussed above. This effect could prove bene- 
ficial to enhanced metabolism. Glutamate-pyruvate transaminase in 
skeletal muscle is characterized by a Michaelis constant near equilibrium 
for the concentration ranges of both substrates and products in resting 


muscle (Young, 1970). The fact that glutamate concentrations decreased 
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in muscle during exercise (Table 7), while oynutate increased (Table 4), 
might perturb the balance of glutamate-pyruvate transamination recipro- 
cally (i.e., no net effect on transaminase activation), if the end pro- 
ducts of the pathway, alanine and aKkG, are not removed. Therefore, 
alanine decreases in muscle may reflect a normal physiological reaction 
associated with enhancement of the rate of alanine production from glut- 
amate-pyruvate transaminase. 

THE IMPORTANCE OF GLUTAMATE-PYRUVATE TRANSAMINATION. The evidence pre- 
sented in this study may be taken to support the view that coupled trans- 
aminations involving ninronereeorivare transamination, supply net CAC 
intermediates in skeletal muscle during 2 steady state aerobic exercise 
intensities. Mean values for muscle glutamate levels fell while muscle 
aspartate contents rose (Table 7) as might be expected in meeting the 

two respiratory demands (Borst, 1962; Koziol and Edington, 1975). How- 
ever, it should be noted that this observation is contrasted to events in 
cardiac muscle where aspartate concentrations decrease in conjunction with 
glutamate and alanine production (LaNoue et al., 1970; Randle et al., 1970; 
Safer and Williamson, 1973). These latter observations in heart muscle 
were the basis for a proposed coupling of glutamate-pyruvate transamination 
with glutamate-oxaloacetate transamination for CAC repletion (Safer and 
Williamson, 1973). The contrast in aspartate and glutamate dynamics be- 
tween cardiac and skeletal muscle therefore suggests that the proposal of 
Safer and Williamson (1973) for CAC repletion does not apply in skeletal 
muscle. The alternative suggestion by Davis et al. (1972) however, ap- 
pears valid. They suggested coupling of branched chain amino acid trans- 
aminases with glutamate-pyruvate transaminase. Skeletal muscle is known 


to oxidize isoleucine, leucine and valine in large amounts (Odessey and 
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Goldberg, 1972; Goldberg and Odessey, 1972; Beatty et al., 1974; Ndessey 
et al., 1974). Odessey et al. (1974) have indirectly demonstrated the 
coupling of the reactions proposed by Davis et al. (1972) when they re- 
vealed that alanine output by rat diaphragm muscle may account for all 
amino groups removed from catabolized branch chain amino acids. 

Although not definitive, correlations in this study involving muscle 
glutamate concentration support the above interpretations. Tissue glut- 
amate correlated negatively with muscle oxygen uptake at 15 min (r = 
-0.58) and 60 min (r = -0.63). Alanine dynamics further substantiate the 
occurrence of transamination events. Estimated de novo alanine output by 
muscle was 1.8 fold greater in the severe group than mild treatment group 
at 15 min, though no difference occurred between intensity groups at 60 
min. Tissue alanine concentration varied directly with V0, (r = 0.56) 
and inversely with tissue glutamate concentration (r = -0.65) at 15 min. 

Molé et al. (1973) have shown that glutamate-pyruvate transaminase 
occurs in distinct cytoplasmic and mitochondrial forms. It is also 
accepted that the CAC is regulated at KG dehydrogenase and citrate 
synthase such that KG or OAA can be partitioned into the malate-aspar- 
tate shuttle or proceed through the CAC (Figure 1) (LaNoue and Williamson, 
1971; Safer, 1975). These regulations provide for transient disruption 
of uniform flux in the CAC such that balanced glycolytic and CAC fluxes 
altow more efficient oxidative metabolism of carbohydrates and other 
fuels under a wide variety of metabolic conditions. 

The question may therefore be asked that, if coupled transamination 
does occur in skeletal muscle, in which compartment is that occurrence 
of greatest metabolic significance? If the cytoplasmic event predominates, 


less drain on the CAC intermediate pool is required in that coupled trans- 
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amination may offer an alternative to lactate production for reoxidation 
of cytoplasmic NADH (Felig and Wahren, 1971a). If mitochondrial trans- 
aminations predominate, net CAC supplementation results. 

Correlations of tissue glutamate and tissue alanine with pyruvate 
and lactate arterial-venous differences at 15 min do not suggest a pre- 
ponderance of coupled transamination events in the cytoplasm. Tissue 
glutamate correlated directly with pyruvate (r = 0.68) and lactate (r = 
0.83) arterial-venous differences while tissue alanine correlated inver- 
sely with pyruvate (r = -0.56) and lactate (r = -0.59) arterial-venous 
differences. While cause and effect cannot be deduced from a correlation, 
present results and reports by Molé et al. (1975) do suggest that where 
pyruvate and lactate production in exercising muscle was greatest, tis- 
sue glutamate was least depleted and alanine was produced less quickly 
(i.e., little glutamate-pyruvate transamination activity). 

It was proposed that glutamate-pyruvate transamination acting 
through coupled transamination in the cytoplasm was an alternative path- 
way to lactate production in the oxidation of NADH (i.e., direct reple- 
tion of malate-aspartate shuttle intermediates in the cytoplasm). It 
appears that this was not the case at 15 min in this study. Where greater 
amounts of pyruvate were produced and not oxidized in the CAC, pyruvate 
may have competed very favorably for NADH with the malate-aspartate shut- 
tle to produce lactate. Either the malate-aspartate shuttle was operating 
at its full capability or there was a need for more rapid reoxidation of 
NADH than the shuttle could provide. It is known that pyruvate reduction 
to lactate is capable of very rapid reoxidation of NADH (Lehninger, 1970). 
The evidence therefore allows conjecture that at 15 min, mitochondrial 


support of the CAC was the more important aspect of coupled transamination 
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Since relationships in present data do suggest that these events were 
occurring (pp. 85). Similar evidence for occurrence of compartmental ized 
glutamate-pyruvate transamination at 60 min was not indicated from avail- 
able data. 

Estimation of oakG production from glutamate-pyruvate transamination 
(Table 9) and comparison of the magnitude of this occurrence with the 
malate-aspartate shuttle, CAC, and total muscle needs for OAA flux 
(Figures 5, 6 and 7) has demonstrated that at each intensity of exercise, 
de novo akG from coupled transaminations, supplied similar proportions 
of the OAA needs of the tissue. oa-Ketoglutarate from glutamate-pyruvate 
transamination was found to account for 16 to 22% of CAC flux or 19 to 
30% of malate-aspartate shuttle flux in mild stimulation while in severe 
exercise, 10 to 17% of the CAC flux or 22 to 23% of the malate-aspartate 
shuttle flux was accounted for by this same source (Figure 6). These 
ratios represent total diversion of oKG from coupled transaminations to 
either the CAC or malate-aspartate shuttle. A composite comparison 
(Figure 7) showed 9 to 12% and 7 to 10% of total tissue needs for OAA 
flux could be accounted for by de novo oKG generation via coupled trans- 
aminations at 15 and 60 min, respectively. 

Odessey et al. (1974) have estimated the potential role for energy 
production in human skeletal muscle of amino acids. Based on data for 
alanine release, ATP production and oxygen consumption of human muscle, 
these authors have suggested that coupled transaminations of glutamate- 
pyruvate transaminase and branched chain amino transaminases may account 
for 14% of the total oxidative energy supply. This figure is quantitative- 
ly similar to current findings outlined above. 


While concentration changes may not be held as indicators of flux, 
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it is clear in this investigation that de novo generation of oKG from 
glutamate-pyruvate transamination does in fact reflect the magnitude of 
concentration change in the CAC which is traceable to this pathway. On 
a subjective basis, the rates of input of de novo “KG (Table 9) to the 
CAC in the present muscle model appear small for the submaximal exercise 
intensities studied here and at the time intervals considered. It might 
be conjectured that these apparently small concentration changes have 
little effect on CAC repletion. This of course must be considered cau- 
tiously since major changes in the CAC intermediate pool must likely occur 
in the early minutes of exercise adaptation. However, subsequent small 
input of “KG from glutamate-pyruvate transamination during exercise may 
well have major importance in sustaining CAC concentrations in the range 
of sensitive Michaelis constants of most CAC enzymes (Atkinson, 1969; 
Garelandmetsailey, 1 969sa ager Gt fail 7001969 Utuers: etna lay sul 900): 

The following suggestions for future research therefore seems appro- 
priate. Major alterations in the CAC may occur during the initial minutes 
of exercise adaptation. This time interval was not investigated in the 
present study since primary interest was focused on sustained metabolic 
patterns, however, research focused on CAC repletive mechanisms in the 
initial exercise period in homogeneous oxidative muscle is indicated. 

Such research must investigate the balance of changes in all CAC inter- 
mediates as well as the amino acids glutamate, aspartate, alanine, leucine, 
valine and isoleucine. In addition, research is also indicated as to the 
Michaelis constants of CAC enzymes in skeletal muscle and their sensitivity 
to net changes in the CAC intermediate pool from coupled transaminations 
over a variety of sample intervals and for a full spectrum of exercise 
intensities. 


IMPLICATIONS FOR EXERCISING MAN. It has been stated that it is not clear 
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why the modest carbohydrate stores in muscle and liver play a major role 
in prolonged aerobic exercise, particularly since depletion of these 
stores places a limitation on continued activity. Not only does fat 
constitute a far greater energy reserve (i.e., 10 kg of triglyceride in 
adipose tissue compared to 400 g of carbohydrate in liver and muscle in 

a 70 kg man), but on a weight relative basis, triglycerides supply by 
oxidation about 2.5 fold more ATP than carbohydrate (Bartley et al., 1970). 
Furthermore, present data (Tables 4, 5 and 8) and earlier reports (Keul 
et_al., 1972) suggest that while carbohydrate was supplying a large pro- 
portion of the oxidized substrate to muscle, a large portion of incomplete- 
ly metabolized carbohydrate was also ultimately lost from the muscle as 
lactate, pyruvate and alanine. 

High rates of fatty acid oxidation which also accompany prolonged 
aerobic activity (Saltin, 1973) appear to inhibit pyruvate oxidation 
(Newsholme and Start, 1973). Since glycogenolysis is not geared to the 
rate of pyruvate oxidation but to relative work intensity, "excess" pyru- 
vate is produced beyond either the need or capacity of the tissue to 
oxidize this substrate (Molé et al., 1973). The suggestion that lactate, 
pyruvate and alanine output from muscle provides gluconeogenic substrates 
(Felig and Wahren, 1971b) does not alter the evidence supporting apparently 
inefficient use of limited carbohydrate stores. Not only does the rate 
of splanchnic gluconeogenesis lag behind the rate of liver glycogen de- 
pletion but lactate, pyruvate and alanine cannot provide substrate for 
a net effect of gluconeogenesis in the organism since these substrates 
were originally derived from carbohydrate precursors. 

Based on the accumulated evidence above, Saltin (1973) has there- 


fore suggested that man is not metabolically designed or adapted for the 
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demands imposed by prolonged exercise. In light of the non-physiological 
innervation and the use of a muscle model with only high oxidative capa- 
city, present research findings can neither refute nor support this state- 
ment. However, the data are sufficiently suggestive to warrant considera- 
tion of the following possibilities. The fact that “excess" pyruvate 

from glycolysis may play a small role in repletion of the CAC in electri- 
cally stimulated in situ dog gastrocnemius muscle suggests inefficient 

use of limited carbohydrate stores during prolonged submaximal exercise. 
The finding that amino acids account for 7-12% of oxidative metabolism 

on one hand, suggests a sparing of other substrates. However, catabolism 
of leucine, isoleucine and valine appears to require coupled transamina- 
tions with glutamate-pyruvate transaminase (Odessey et _al., 1974). In 
other words, amino acid oxidation does not spare carbohydrates; pyruvate 
is simply derived from oxidative processes and lost as alanine output. 

The implications of such events for the in vivo musculature of exercising 
man are clear, however, further research in this vane is required in 
order to clarify the physiological significance of such events in the 


in vivo human muscle. 
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SUMMARY 


Application of "mild" and "severe" trains of electrical impulses 


to the isolated, in situ dog gastrocnemius produced two submaximal 


intensities of contractile activity with respect to metabolic rate. 


In the present muscle model, under the submaximal metabolic condi- 


tions noted above, and at the time intervals examined, oKG from 


coupled transaminations involving glutamate-pyruvate transaminase, 


was estimated to provide (a) similar proportions (7-12%) of the 


OAA flux of the stimulated muscles during two intensities of steady- 


state submaximal exercise, and (b) a potentially small concentration 


change in the CAC intermediate pool itself. The latter observation 


may suggest the following alternatives which provide a basis for 


future research. 


ie 


large changes in the CAC intermediate concentrations 
may not occur in skeletal muscle during exercise of 

the intensity reported here. 

if large changes in the CAC intermediate pool did occur 
these may not be accompanied by a large alanine pro- 
duction. 

large changes in the CAC intermediate pool may have 


occurred prior to the sample intervals reported here. 


. large changes in the CAC intermediate pool may not occur 


at any time during any exercise intensity. In effect, 
small repletive effects of the magnitude noted here 


may have major influences on the sensitive Michaelis 


constants of most CAC enzymes. 
92 


5 a -_ a 
x - a 


Sa 7 Gin . 


- ioay 7 al 7 ; 
| aie ay Li? 4 


‘ 
asalugnr feotwosig: to ante ts: push! bie rye Yo store 
fpmitxsmgue ont bsovborg 2utmengos2ep gob wtie Of bate toet “ait ot 
ebb St lodstam ot Fasqes iw yiturdos al isoaxroo To oaty tanatnf 
-benoo SF fodedsn famixendwe Sit yeboe ifabom sTozum mngeate si9 at & 
Bentmads 2lavvetar omit ad? de bits 2svads badon nott 
nt anotrantmeenssd bele 


WATT OM 
sane hasetio ss sdaviyg-sTemassle wriky ov 
ef? yo. (@ST=\) enotir0g074 ~plimte (2) aviverq of basanites emt 
5 eatseugt bate lumite ont Fo aul? BAO 
norsewnaode? Thane yb anedog, 4 (a) bas. 92) 0788 | amr Kuocniud aiaen 
> 1essul ONT ~.sieett Tang erathamssnt JAD sit wt sone 


- - 
“(haste Yo settiensini owt ern Pa 


noftewrsed 
40 2heed s abi vorG otniw Zavitanret'!s aniwolLlot sty drgppue Wem 
.ayrssest Susur | 
snbeLE isto srAtbonvsiah JAI as OT sapiedo seta: of 
fo aetbioke catwub afdeun fadolsde nt wad0gGm Yom 
Sanon bestages vsrenseny Sit 
{wish bib 1009 statbonvetpt QAdvens nt <sponlo anv) Fh 8 | 
“Hyg Snfnsts aoxsl a yd betiweqmosaa su Fon aR grand | 


OT ToBo 


aver Yeti 104 Sept bantad at DAI ons AT “captinda 20987 re i 


_ saved betsieqe atawnsant sfqinme ott a2 watag: ber w938 : 
“= hylaou tea ism fog adetbanmedat, Ina \Agh saat 


a “ 
¥ an + rs o< 
) 7 
A 


a ar 


93 


REFERENCES 


Ahlborg, G., P. Felig, L. Hagenfeldt, R. Hendler and J. Wahren. 
Substrate turnover during prolonged exercise in man: 
splanchnic and leg metabolism of glucose, free fatty acids 
and amino acids. J. Clin. Invest. 53:1080-1090, 1974. 


Aikawa, T., H. Matsutaka, H. Yamamoto, T. Okuda, E. Ishikawa, T. 
Kawano and E. Matsumura. Gluconeogenesis and amino acid 
metabolism: II Inter-organal relations and roles of glu- 
tamine and alanine in the amino acid metabolism of fasted 
rats. J. Biochem. 74: 1003-1017, 1973. 


Archer, R.K. Hematological Techniques For Use on Animals. Black- 
well Scientific Publications, Oxford, pp 10-11, 1965. 


Ariano, M.A., R.B. Armstrong and V.R. Edgerton. Hindlimb muscle 
fiber populations of five mammals. J. Histochem. Cytochem. 
Cle Sl o5 sO 3 « 


Armstrong, D.T., R. Steele, N. Altszuler, A. Dunn, J.S. Bishop and 
R.C. DeBodo. Regulation of plasma free fatty acid turnover. 
Alive. eenySi0lewe20lie 9-155 01961. 


Astrup, P., K. Engel, J.W. Severinghaus and E. Munson. The influence 
of temperature and pH on the dissociation curve of oxyhemo- 
globin of human blood. Scand. J. Clin. Lab Invest. 17: 515- 
SZon oOo. \ 


Atkinson, D.E. The control of citrate synthesis and breakdown. In: 
J.M. Lowenstein (ed.) Citric Acid Cycle: Control and Com- 
partmentation,Marcel Dekker, Inc., New York, pp 137-162, 1969. 


Awapura, J. and B. Seale. Distribution of transaminases in rat 
organs. J. Biol. Chem. 194: 497-502, 1952. 


Bailey, K. Tropomyosin:. a new asymmetric protein component of the 
muscle fibril. Biochem. J. 43: 271-279, 1948. 


Baldwin, K. and C. Tipton. Work and metabolic patterns of fast and 
slow twitch skeletal muscle contracting in situ. Pfliigers. 
Arch., 345-356, 1972. 


Ballard, F.J., R.W. Hanson and L. Reshef. Immunochemical studies _ 
with soluble and mitochondrial pyruvate carboxylase activities 
from rat tissues. Biochem. J. 119: 735-742, 1970. 


Bandurski, R.S. and C.M. Greiner. The enzymatic synthesis of oxalo- 
acetate from phosphoryl-enolpyruvate and carbon dioxide. 
J. Biol. Chem. 204: 781-786, 1953. 


eet -efemina ng: gail. 109. 2aUpTAMaeT. robe 
Baet . (1-01 qd .bxotR: -endtisor fdud. ahh rete ot 


afodum dint (bat H shes opt HN brs bein ‘ae 
meter) .magooteth WU éTammnmt. sVTT To a eh 


y gnu A stofusenth a eshease a yar th s20msh ” 


bia gon2ie. .2, 
nawodrud Biss. yt967- 3st emieia 46 nonieluge®. bw : 
fett .2i-e 10S [olews Gem 7 
sofeuliat ait . .neenuM..1 DAE eusipninavse «W 6 Jieond 4 ‘a “quae a 
enor cae au? na! tet. sc2erb. sat no AG ates eu eneamed _ 
Qf! <0 -Jesvmi do) orf) + shine ‘Hoofd: nora = rida ; : 


Al) -cnwobteerd bac 2iesiiwa Stewto To rerthos odT Gab .noentiaza 
=a fa NOD -a(Sya bral vierh?) Ja). afes2ngwod wb ; 
-paeT ~.Sef-veT Gd jaro’ wou, Sab .avieG aot 6M not fesnamhysa 


des nf aazentrednmtt fo, worrodtag2nn_ alae @ brah erugeWA 
‘See? ,SpENWA AT, asi) fate sh <eApNO. a 


sag. to sie e siete} (odie oe a oe teem wetted: ie 
So emistted oifodsten > sd bnt ala 
naomi fi dots Hh en}sonnd00> Rell fae sia sais . : 


We GA bv 7 
itive 


94 


Barios, G., P.M. Daniel, S.R. Moorhouse and 0.£. Pratt. The movement 
Of amino acids between blood and skeletal muscle in the rat. 
Jd. Physiol. 235: 459-475, 1973. 


Barclay, J.K. and W.N. Stainsby. Intramuscular lipid store utiliza- 
tion by contracting dog skeletal muscle in situ. Am. Jd. 
Physiol. 223: 115-119, 1972. 


Barclay, J.K. and W.N. Stainsby. The role of blood flow in limiting 
maximal metabolic rate in muscle. Med. Sci. SPpoOGts.. 7: 116 
119, 1975. gad: 


Bartley, W., L.M. Birt and P. Banks. The Biochemistry of the Tissues. 
John Wiley & Sons, New York, 1970. 


Bass, A. and 0. Hudlicka. Utilization of oxygen, glucose, unesteri- 
fied fatty acids, carbon dioxide and lactic acid in normal 
and denervated muscle in situ. Physiol. Bohemoslov. 9: 
401-407, 1960. 


Beatty, C.H., S. Curtis, M.K. Young and R.M. Bocek. Oxidation of 
amino acids by red and white muscle fiber groups. Am. J. 
PRYSIOL 227 268-272, 1974. 


Beckman Instruction Manual, Model 121 Automatic Amino Acid Analyzer, 
Spinco Division of Beckman Instruments, Inc., Palo Alto, 1969. 


Bigland, B. and 0.C.J. Lippold. Motor unit activity in the voluntary 
contraction of human muscle. J. Physiol., London 125: 322- 
335, 1954. 


Borst, P. The pathway of glutamate oxidation by mitochondria isolated 
from different tissues. Biochim. Biophys. Acta 57: 256-269, 1962. 


Bowman, R.H. Effects of diabetes, fatty acids and ketone bodies on 
tricarboxylic acid cycle metabolism in the perfused rat heart. 
J. Biol. Chem. 241: 3041-3048, 1966. 


Burke, R.E. and V.R. Edgerton. Motor unit properties and selective 
involvement in movement. Exercise and Sports Sciences Reviews, 
Vol. 3. Academic Press, New York, pp. 31-81, 1975. 


Canadian Council On Animal Care. Care of Experimental Animals: A 
Guide For Canada. National Research Council of Canada, 


Ottawa. 


Cardinet, G.H., J.F. Littrell and R.A. Freedland. Comparative inves- 
tigations of serum creatine phosphokinase and glutamic- 
oxaloacetic transaminase activities in equine paralytic 
myoglobinuria. Res. Vet. Sci. 8: 219-226, 1967. 


“vou, 7 . 7 an 


f : any @ 7 
oe ary y - : 


vy, : me ae o >< ~~ EL - 
} Snanawon eat ottend- 4.3 %. bhe s2uory He fai To 
tay ond nr sTeeun fstelexe bné boold: naewisd 2pi38 ¢ . bien TO 
is, ENO @Ub-0ed 1dE8, Jores x a 
we 


~ pst hts vote bbgti cha Jeu anit udent Ese! WW aor) 


£ mi .wike nt sfseum fatetode, eob pirlsaevrncs ve 
ae ss Shel VOT fert bs a 


ontaimt) mf wolt bool tp atod odT.. ivdentadd A.W ORE ot oystorsd. 
sont P\o.ednbge 2122 bal “sfozun ni sis atfodston Camtagm - aa, 
al) ea exer. .em, 6 > 


‘>oyaett ott Ta vasetmanoord ott. -eltied .4 Ons Abt Hid a —— 7 
ORC h ineyY wel ence. 3 VaTrW net Ms 
~Fasdeeny.<eeqsulo ehepyas To MObsaxh! PIU -saatvhuk .0 bas A « 
famvbn «i Groe aty3et passbbRotb mite .cbbsp Varat bert © 
“0 -ootsametied ..loteydd. Cosre fT Slot walav7angb BA 
to a Ode? . Tb-FoR 


a 


¢ 


%6 noktsbix0 39008 .M.A bn6 pala’ .4.M gehttles.2 called eXeee 


J 
GS oomek sequoto wsdit ssa SI tnw DNS bey yo .2bra6 onrms 
Nei. .SvSeees 7 1GS_ . foteyan 


fem isad braAk oni si renogvA. (51 T4sboM . fener sortouiteat t 
ROOT ong ofed cut )cingmuysenl. namissé to norervel oonhae 


Ves lov ont nt VITVI +56 2) ay FOTGM sbfoagrt stredet fre .8 
—$S6 :25! pobaol ..foienld .! .shseum nemad Yo norioarsnes 
nat ® bee 
bagploz? siwhbhonsostm va rotsabine’ asemedatp Fo. Yow tsq saT 9 
-Caef .Pdo-aas s\i sdoA eytioote .midootd s.zoucets doarsttib mort 


| ~ A 
fo 2arbod shored hye <bi ab Vesa «33 deth to 2foetta = atenog 
Seo! te7 beaviysq, sat nb mel fodetem sfayg bioe of fyxods2 hs 
- 


295 be e Bb0E- [he es want? tore + 
i oT aE 
" J 
a2 
svtzaaiece bas est aude Sint cago > .osnNse may bas 20 } 
2weTVaA 2ao5nafac eriode bis g2tavexd .drseis ro nt nmol 


— fOXGP TBsTE wag » Atay = ah Trey, ate £ fov 
A -afbetad Tethanimeqxa to. NEO, 18189 — no fond, stbens 
aw , bbGNS fidawon fh. nesvar ranotsels ane ¥ On» ’ 


a 


| | a i | 

“cebu svi t5- sqned bret es A-T aia Ila, ths q, 4 a 3 
=Shmedulp. ‘boa. “Besn} ona Zorg so%5 mivee To -s an pi 
‘otavleved sntups. ni 257at ea: ‘nett ate ha a 

7 - : - . Ber 28S -bfS # BD re fet PP + abt do fpay 7 


25) 


Carlson, L.A. Determination of serum triglycerides. J. Atherosclerosis 
Res. 3: 334-336, 1963. a 


Carlson, L.A., L.-G. Ekelund and S.0. Fréberg. Concentration of 
triglycerides, phospholipids and glycogen in skeletal muscle 
and of free fatty acids and g-hydroxybutyric acid in blood 
in man in response to exercise. Europ.J. Clin. Invest. 1: 
248-254, 1971. i 


Carlsten, A., B. Hallgren, R. Jagenburg, A. Svanborg and L. Werko. 
Arterial concentrations of free fatty acids and free amino 
acids in healthy human individuals at rest and at different 
aie loads. Scand. J. clin. Lab. Invest. 14: 185-191, 


Carlsten, B., B. Hallgren, R. Jagenburg, A. Svanborg and L. Werko. 
Arterial-hepatic venous differences of free fatty acids and 
amino acids. Acta Med. Scand. 181: 199-222, 1967. 


Chapler, C.K. and W.N. Stainsby. Carbohydrate metabolism in con- 
tracting dog skeletal muscle in situ. Am. J. Physiol. 215: 
995-1004, 1968. 


Chapler, C.K. and W.G. Moore. Glycogen distribution in dog skeletal 
muscle. J. Appl. Physiol. 32: 542-545, 1972. 


Chapler, C.K. and J. Katrusiak. Blood flow and carbohydrate metabolism 
in dog skeletal muscle in situ following propanolol. Med. 


Sci. Sports 6: 193-197, 1974. 


Chenoweth, M.B. and R.A. Van Dyke. Anesthesia in biomedical research. 
Fed. Proc. 28: 1383-1385, 1969(a). 


Chenoweth, M.B. and R.A. Van Dyke. Choice of anesthetic agents for 
the dog. Fed. Proc. 28: 1432-1435, 1969(b). 


Christophe, J., J. Winand, R. Kutzner and M. Hebbelinck. Amino acid 
levels in plasma, liver, muscle and kidney during and after 
exercise in fasted and fed rats. Am. J. Physiol. 221: 453- 
457, 1971. 


Close, R.I. Dynamic properties of mammalian skeletal muscles. Physiol. 
Rev. 52: 129-197, 1972. 


Cohen, P.P. Transamination. Fed. Proc. 1: 273-280, 1942. 


Cornelius, C.E., J. Bishop, J. Switzer and E.A. Rhode. Serum and 
tissue transaminase activities in domestic animals. Cornel] 
Vet. 49: 116-126, 1959. 


Corsi, A., M. Midrio and A.L. Granata. In situ utilization of gly- 
cogen and blood glucose by skeletal muscle during tetanus. 
Am. J. Physiol. 216: 1534-1541, 1969. 


Pe ce 
: i hake 7 
6 2 San fis ae - 


” 
2t avetse enh = “aebirsat toe inure 2 Yo helen 
2nvgiszo4 pty ee ye 


‘ a oe se 


+o, nor séysneaio) ere 0.2 bné baviodd @- ee 
sfoeum fetofede ni aopoovle te abrarfogeod. »2 aa 
hagid at bros ofwtudyanrdyl~s bis ebias yttet 38 at aie 16 . 


=f .desival fT? . govus p2rarexre ot aaa -f nf. ace 
eo het ,B2S-6B8 | 


,ovae J bb nan neve Ae pr vonse bl Ht pawl tal if yaA net. 
rae wots? pavt shorsetinaonod [shai 


oor avi DAS Z20T af 
6 int AemUA yas tsar nt arto 


arierettib 36 bet faah. $6. 2t8 UBE MTD 
oie) -48) oh! , Pzove 4 te ® fig Td Dit s¢ a aba! 
i ane ; . . -tapt } 
; j — 4 dno 4 ‘ mrt 4 Me | ner : 
Oe NSW efi f VINGHSEVe aft ae Y ' BS)! Ae afi i 28 t 
“tg ghios. vits? Se717 To 24.5159 ZIT a etait 4 = 
Seely ,Sss-be) 11Sh Teqsae: bam BIA .2biu8 eatin 


Letesbyulodisd dented «1k Bas A. <melqend 


als .tokeyad boon! .wite it aioeun lstotsa2 Boe pMizoeIs” © 
——— - ands nant ae - a 
OG ae 4 20 t-3ee- 
(ete oA2 @ at nobfudigeth moc0rie 3700" 6. DAE ee .T9TQen i 
ShGf + cha St Joreyis iggk .b  sshoe a 
. tt : : *, > 
met oassam aisibyfedye> bag WO! t BOOTS EP eUNISA rh bas. 4.0 ,relqen 


1¢ Slreum. Vee: 


ba! fofonsaoid oifwoilot ste 
ayers NETHER te wou fe 
me — i 
‘ ; P : 
_doweeeas feorbamatd ni sfeodszens avd nol) JAS bee) eM efitewonend 


(a)@aet debt Pe BS. 3007 abet 


VOT eo ASS a iaanoet ts 


anit25 6. sored). .snG nV Aa bite JEM tTawo ait 
, fyOael. ,aeeI “SECT | oBS) «20% ‘ba 3b is 


hive! brimA'. doahteedal .M: bas 19hsded 9 bash «.  .diqatelia 
noets bis sy iat yonbra bits Sioenm .Wavt -ateataont efewst 


bah 2 /SS Lee eyAad ugh .2ce1 bSt) RS “beTeeT: at aatorsxa 
A AKER NCP 


Joteyis. .2atseun fatgfoae Nee Tiomem To eat? ego" aiends.: T.R qpael 
-S¥eT y Weh-OSF) 32 eh 


: _ SBR .ORS-aNS sf .g0a8 1ueF ot zantnesies a nao. 
sedi 


biG mise. ..atoah .A,a ‘bok ‘ois iwe ob aut. eo 7. 2a eut font 
: —_ 2 Tamins ais 2onoh nr ea Te Pst + % 
Beer wee 1 ie 


edie tras rie os 
a bans hee 


- 


tenuis be ' 


ir peat ars beoid bn Heer 
a 7 ee er 


Sofa 


biel 


= yi 


96 


Costill, D. Metabolic responses during distance running. J. Appl. 
Physiol. 28: 251-255, 1970. a 


Costin, J.C., B. Saltin, N.S. Skinner, Jr. and G. Vastagh. Glucose 
uptake at rest and during contraction in isolated dog skeletal 
muscle. Acta physiol. Scand. 81: 124-137, 1971. 


Coulson, R.A. and T. Hernandez. Amino acid catabolism in the intact 
rat. Am. J. Physiol. 215: 741-750, 1968. 


Danforth, W.H. and E. Helmreich. Regulation of glycolysis in muscle. 
I. The conversion of phosphorylase b to phosphorylase a in 
frog sartorius muscle. J. Biol. Chem. 239: 3133-3138, 1964. 


Davidsohn, I. and J. Henry. Clinical Diagnosis. W.B. Saunders Co., 
Philadelphia, 1969. 


DAVAS sa eu es R.C. Lin and D.L.-S. Chao. Sources and disposition of 
aerobically-generated intermediates in heart muscle. In: M. 


—S—S— —_—_—————— —_,C— 


Davis, E.J. and J. Bremer. Studies with isolated surviving rat 
hearts: Interdependence of free amino acids and citric acid 
cycle intermediates. “Europ, J. Biochem. 36: 86-97, 1973. 


Di Prampero, P.E., P. Ceretelli and J. Piiper. 05 consumption and 
metabolite balance in the dog gastrocnemius at rest and dur- 
ing exercise. Pfltigers. Arch. 309: 38-47, 1969(a). 


Dubowitz, V. and M. Brooke. Muscle Biopsy: A Modern Approach. W.B. 
Saunders Co., Ltd., London, 1973. 


Duran, W.N. and E.M. Renkin. Oxygen consumption and blood flow in 
resting mammalian skeletal muscle. Am. J. Physiol. 226: 
173-177, 1974. 


Dunn, R.B. and J.B. Critz. Effect of circulating FFA on lactate 
production by skeletal muscle during stimulation. J. Appl. 
Physiol. 38: 801-805, 1975. 


Edgerton, V.R., R.J. Barnard, J.B. Peter, D.R. Simpson and C.A. Gillespie, 
Response of muscle glycogen and phosphorylase to electrical 
stimulation in trained and nontrained guinea pigs. Exptl. 

Neurol. 27: 46-56, 1970. 


Edgerton, V.R., B. Essen, B. Saltin and D.R. Simpson. Glycogen 
depletion in specific types of human skeletal muscle fibers 
in intermittent and continuous exercise. In: H. Howald and 
J.R. Poortmans (eds.) Metabolic Adaptations To Prolonged 
Physical Exercise. Birkhauser Verlag, Basel, pp 402-415, 1975. 


Edgerton, V.R. Neuromuscular adaptation to power and endurance work. 
Caters ADD opoht oils 91 749=00, 1976. 


a. we ie 


7 7 | 
Sag +b. Jaro bah pri bb ap encoder 31) Gage mM ef 
: iit = _ 7 i 
pstzeV a’ ae PY : _espantde 2.8 tFRiee «+ saute} 
tain gv De myer ee fea abo ag iS hee 
soadnt sat of ment aaett by 36 oii, 4 cade TE AS oie 
Beet, Gol Feo TeIS 6 eae abe ‘Sst : 


-alseum nt araulaoylt 40 notte tues4 1 ype 3 brs ey oot 
nt 6 Se@s{yrongaog 7 th sex! yioddaand te. Hofzisunod aT a 
Part ~ gere-Eere SES ote) Laie’. .efosim surtonrae gor? i 


eed. eeabause .8.h “sonperd TéorAifl” «ner bas 1 .loabryed- 
Pati (sia) ‘gbshing 


tO noisieogetb Ank pe>yaiti@elagad c=. Gobrs aide 466.4 etved 


Misal .slozuin tsa AT sata bare isdnit patersngo-vi bao Gores i 
Sat bre vie) 7. dats ” ypigna { 72bs)), ial WS. bab menthem oA 
SiietsA .clySmoncostM 1? eores204} DEiGasseM 10 col selyper eel = 
Emenee ESET HeS-ll omg SaIOe WAN , eee - | 
' 


+84 oni VE vie “bstaloest Titw wSsTbus?d. Smet pe DS slied «2tvee 


Biss afisis bys Sb fos TMG BSc To gopahiiaqas vata - st Een -"% wey 
SEACL .\G<0d6 tcl MeO bA Mis »GOrwWS +22 de(honrsernt aloya i 


bos hoftonwenos .D -wo0lfd .l dts oi eisteg 8 a 4 2 OVSQmB TT ise 
tub: One Jes Po 2himee ese 990" Sar ny gofeTad St (ordgt om 5 
(e)eaRr th-88 COE .davA .angpenyT4 TSEtovsks ene i 
+g a 


GW. .dosoagan natal A. ‘vequre oe 70098. M Die a y .sdtwodud 
EVR] .HObaGL «Gi ame 2ysbruse i. 
; - a) 
ne wool? boole bra Horlqmenos NSBYAG's , tanga a | ore vw net a 
TOSS | LOTeNAY oh, mA Bd euat Pr rathile et Lao ett 
| . AYO} p-E4T 


avétoui 10 Aaa ont telieyta lo $o5tta Sota eb Be 40a) ye y 
QA 6 nofiplumtte evisu stad, lafafgie hone sto oat eae 
S86", Potayld ; 


aNet eee iQ 


espaqeetiid sAi9, or6 Boeqae ALG, 28 Ta9) ooh nnbieed ny ay oa ¥ 
fesiqtooto- 0% szel ryrudgenty bts NSpaoul ees “td genoge 

/t3ox5 sael esitoe ban tstion Bas banrew Ntinond 

: — - OVEt : pine 


_ 
_ NEQOIUID 4 noeqiti a.” H.G Ontes abe 
2radt? sis2um. latoiste nat 1G 
tip bi éwol ae 2HaAs 


sONOl: er 


97 


Edgerton, D.W., G.R. Ward and W.A. Saville. Energy metabolism of 
working muscle: concentration profiles of selected metabolites. 
Am. J. Physiol. 224: 1375-1380, 1973. 


PlhiSeeehw Ui F.R. LeCOCGs7u..B. Garcia. Wis eand (Releeme Toma hs 
Forearm amino acid metabolism during chronic physical in- 
activity. Aerospace Med. 45: 15-18, 1974. 


Essén, B., B. Pernow, P.D. Gollnick and B. Saltin. Muscle glycogen 
content and lactate uptake in exercising muscles. In: H. 
Howald and J.R. Poortmans (eds.) Metabolic Adaptation to 
Prolonged Physical Exercise. Birkhduser Verlag, Basel, _ 
pp 130-134, 1975. 


Fales, J.T., S.R. Heisey and K.L. Zierler. Dependency of oxygen 
consumption of skeletal muscle on number of stimuli during 
work in the dog. Am. J. Physiol. 198: 1333-1342, 1960. 


Feligyvabs, i. ‘Pozefsky, Ee Marliss andiG FP. Caniliyedn. wAlanine: 
key role in gluconeogenesis. Science 167: 1003-1004, 1970. 


Felig, P. and J. Wahren. Amino acid metabolism in exercising man. 
wee cling Invest. o022703-2714 a O7tCay) 


Felig, P. and J. Wahren. Interrelationship between amino acid and 
carbohydrate metabolism during exercise: the glucose-alanine 
cycle. In: B. Pernow and B. Saltin (eds.) Muscle Metabolism 
During Exercise. Plenum Press, New York, pp 205-214, 1971(b). 


Felig, P. The glucose-alanine cycle. Metabolism. 22: 179-207, 1973. 


Felig, P., J. Wahren and L. Raf. Evidence of inter-organ amino-acid 
transport by blood cells in humans. Proc. Nat. Acad. Sci. 
U-SeAc) 70: 1775177956 1973s 


Felig, P. and J. Wahren. Protein turnover and amino acid metabolism 
in the regulation of gluconeogenesis. Fed. Proc. 33: 1092- 
1097, 1974. 


Ferguson, G.A. Statistical Analysis in Psychology and Education. 
McGraw-Hill, Inc., New York, 1966. 


Fieg], E.0. and L.G. D'Alecy. Normal arterial blood pH, oxygen, and 
carbon dioxide tensions in unanesthetized dogs. J. Appl. 
Physiol. 32:°152=153, 1972. 


Fitts, R., D. Campion, F. Nagle and R. Cassens. Contractile prop- 
erties of skeletal muscle from trained miniature pig. 
Pflugers. Arch. 343: 133-141, 1973. 


Freedland, R.A., C.A. Hjerpe and C.E. Cornelius. Comparative studies 
on plasma enzyme activities in experimental hepatic necrosis 


ih ; ne 
ms Py | — ¥ 7 ¥ ope 


avg 


a 
4a met Fodeasm y yaad eh E we 
5 1939 ( FI0% nO) :gige 
267 Modsram. be? aise Bt q laa cree aries 


ihe Td tne: ae ors mi — oe re 


~af Pesrealg stunts br huh, maniodsd Sm yess On Fis iY oe-70 _ 
1) Rig “otro af rae’ eat BoBte sia . “hiya ce 


{= 
@ 


ster ed 


at 
ie , 
bela atoeu )Atiiee 4 DNs Fnthen 1% \worts .€@ ,.8 sees 
a shl. Picks oeun cate ayers fy ates tau gyarost bis Jnsines 
stall {.2b6): 2nam ya08 $1.6 bos GowoH) 14° 


a rere erie jsauerante .5eretexd (soteytd begmetoys = 
Tete)  Belsver qq 


hSOVe0 40 yvonsbAeagsy afar ss p, bits NS afar ae 2 mr | Th 


aN sabngge 
petiab Tiwm 4s. to vadniva fos) ocuM PetShoae TO. WOTSRANENOD 
Bet ,SALT-ESET :8eT whoheyat. |G omh = 9OR ons ME tow 
J hal ‘ - 4.0 bee any eM “| Dh sh na : : To <4 ad ; 37 
a nt) i goat Je iS conenman ent At SiON ‘a ; 
rn P ar 7 “— 
se r hetiadsisa GFoe cima .neRiBW “6% bas-.9 eprlet 
(a) (Tet LATSS$EOXS 102) cleave WEED 4 : 
iB) i Ad S : NS ivy ,4G t) iehned g/ayystnl fi9 sew P L “One 4 bile ‘37. 
Syke: e994 air “oer anexse pA tab tel LOdATSat SPatOvANe IES 
mei Lads sfozuM i. ébal nites -6 bos woones 2 inl. .eloys — 
A@yivey .Ois-ays g Jnov wail -eee4oomunetS” ser onses por 
'- ss 
vet e\OR-2\E oe. wiiofifeM .sfovaceninnle-see0uip Set 4 OF oa 
7 a y a - J - 
DIDS "OiT Ts Th TaN! apres Va aan J bop. wenied > 4% spilet 


{82 “inoA 24) 2080 Se Niee lL So Roo ier as Stas 313 
er /OUNT-20 0 ON” Ave.U 

> s Nowe 7 
wef hodérsi Gras offs bed Seyorsot- ofetevl tee ake ie Ae 
4S001° 32k . 207) bed Veresaspoanoaus py Th wats lupe: att 
“BNET eXROF 


MBttesubs ONG YoosONIV.d 1) eRe MAINT iinet he one via 


gol. .a4oY won Se is - 


bra stopvKo Ho boold lefwaias (ear ..yoatAed Ol e 2 i tee 
Jag sb 2gob besiterazennna it arohengs of Sigg ff dn 
S ye | ! ic lee cl-ser aE ob2\ git 


" =qord ‘Stiagnaa0d 2s ens2abo we rip Sal ald i 6s oe call 
oe bi Shuler ‘i ban FSnd ange’ Seti. lateishasd Te 2s rie 
“i , : pak intel Et ~ hres - 
1 : Py 
2a bude Ae eine aur te Tues a ee oh. 6 2 tg 2 , 
asta Vidgw Senses 


- 


7 
7 7 


98 


in the horse. Res. Vet. Sci. 6: 18-23, 1965. 
Galla, S.J. Techniques of anesthesia. Fed. Proc. 28: 1404-1409, 1969. 


Gardiner, P.F. Metabolic factors associated with tension decline in 
the electrically stimulated in situ canine gastrocnemius mus- 
cle. Ph.D. thesis. University of Alberta, Edmonton, 1976. 


Garland, P.B., D. Shepherd, D.G. Nicholls, D.W. Yates and P.A. Light. 
Interractions between fatty acid oxidation and the tricar- 
boxylic cycle. In: J. M. Lowenstein (ed.) Citric Acid Cycle: 
Control and Compartmentation. Marcel Dekker, Inc., New York, 
pp 163-212, 1969. 


Gevers, W. The regulation of phosphoenolpyruvate synthesis in pigeon 
liver. Biochem. J. 103: 141-152, 1967. 


Goldberg, A.L. and R. Odessey. Oxidation of amino acids by diaphragms 
from fed and fasted rats. Am. J. Physiol. 223: 1384-1391, 
1972. 


Gollnick, P.D., R.B. Armstrong, C.W. Saubert IV, K. Piehl and B. 
Saltin. Enzyme activity and fiber composition in skeletal 
muscle of trained and untrained men. J. Appl. Physiol. 33: 
312-319, 1972(a). 


Gollnick, P.D., K. Piehl, C.W. Saubert IV, R.B. Armstrong and B. 
Saltin. Diet, exercise and glycogen changes in human muscle 
fibers. J. Appl. Physiol. 33: 421-425, 1972(b). 


Gotlnick, P.D. Factors controlling glycogenolysis and lipolysis 
during exercise. In: J. Keul (ed.) Limiting Factors of 
Physical Performance. Georg Thieme Publishers, Stuttgart, 
pp 81-93, 1973(a). 


GollInick, P.D., R.B. Armstrong, B. Saltin, C.W. Saubert IV, W.L. 
Sembrowich and R.E. Shepherd. Effect of training on enzyme 
activity and fiber composition of human skeletal muscle. 
deehpplePhystoless4: lO7-1l 19735). 


Gollnick, P.D., R.B. Armstrong, W.L. Sembrowich, R.E. Shepherd and 
B. Saltin. Glycogen depletion pattern in human skeletal 
muscle fibers after heavy exercise. J. Appl. Physiol. 34: 
615-618, 1973(c). 


Gollnick, P.D., R.B. Armstrong, C.W. Saubert IV, W.L. Sembrowich, R.E. 
Shepherd and B. Saltin. Glycogen depletion patterns in | 
human skeletal muscle fibers during prolonged work. Pflugers. 
Arch. 344: 1-12, 1973(d). 


Gollnick, P.D., K. Piehl and B. Saltin. Selective glycogen depletion 
pattern in human muscle fibers after exercise of varying 


Opet ,eoat=hoel 488 2099 .bot Letesiigzans bates suptade 


_ AL platwordted AW V1 gapduee 2h, ie i AA gdotalte 


ci 7 : “a 
ne i. eee 
: pore id, bes pr aA), 8% 


nt. sat losb nor znnd nttw be tetoozes 2 \pTI5T — Fas we 
-~2tn) 2urinengo%ae sp SHIRES i 2 Du. patétumitery iieet jaf ~~ 
‘BNCT .notaanbs .sPred(A Yo wttensvtel ,2Fesnt Reaiie 


Sdpta.Asd Sas gatey .W.0- 2} [odatW..8.-@ gitedgs ‘we 2G hd (bene Oe 
=4party S33 DAS naraAB heros Vitut nesetd anonss syvadal : 7 
‘afsud beohiorert3 (be! stagvetewol UM Lk nl «Shaye afivwad 
pJyoY welt . vont .“tsadel ‘Taatem HOTS SIs ie 1-7 bys, fournes 
STS“ aq 


naaorq: Af eregain +svorva oasond2ony 6 wortelupos ont 
r Sabet 20% h omatisore per ae 


> = 
(asthe ebiae urs 24 ib deat NpgH2800 he ba +A 
ing TRELONBEE, FESS . loFennS’.G) imr soy bases? bre p93 a i 


jor) : SVG 


6 SiS) TASEY 4h oe vt TE lunes Wed gyre Venn By yi ead q he 
retelade Phetotti tadqmes vedi? bre Xe ry Osi sy oa abetge: 
ef oreyaAS . {oad eit SeaT BOL ane honfety tor stseun 
2 a. ae oo (6 Sie; oe. 


morsel. dA NE sisdupe We) elet? oa .. G4 4491 

semi of e90nbds SPOT! Bis. Sei sWBAS 43580 ISTHE 
aystalh ~adsSae Sh ste. Vforeyns Qa Aa ened tt = 
slovfoqil bas 2teyhotanoavis att [Cor fiog. 2aotaads Ghee wotnt Coa 
to) eyortey patiiatdy \ bap ted ab snl |, setaysxe pri ‘<a 
sAbpaturé evadethdus vamaegy “pase -).80net Real i reyAs - 
Ce EReT S aa 


wmaduse “AD anftise=<.D . Gar as 2h hs q ey ai etal 
ony 3 ey, 11G GTM aK) 14 336 Stis Lows: serte: a | HE foe noe 
$foeum fsielsdz wean An Pore pe moa ASdPT ONG aT 36 


she Vet eT EANGT he fotgyat a 


bie byeriuane V3.8 .dotwordise . 1h nononrde aaa “fe 
laisisle pemud ah mvsitirng not tohqeh qepory!d 
she LfokeynS ~fqgA -G va2rovers Qveen +5 Ste. or 


nh 2nvs.c6q fords gap NapooYy fe | wrpipe foal ak 


s2yg pines = ANOM. bepnolang. ali ga 


SSS ae Hehe _ 


f 
(hiarer-aat wa) = Do 


at sf Sb: nda! p s4itsiahs 


Tees «Be én 4 vate 
M pntyiew to acl tet ae 2a fh Yond 60 
it ee 4. sae 


99 


intensity and at varying pedalling rates. J. Physiol. 241: 
45-57, 1974(a). 7 


Gollnick, P.D., J. Karlsson, K. Piehl and B. Saltin. Selective 
glycogen depletion in skeletal muscle fibers of man following 
Sustained contraction. J. Physiol. 241: 59-67, 1974(b). 


Gollnick, P.D., K. Piehl, J. Karlsson and B. Saltin. Glycogen deple- 
tion patterns in human skeletal muscle fibers after varying 
types and intensities of exercise. In: H. Howald and J.R. Poor- 
tmans (eds.) Metabolic Adaptations To Prolonged Physical 
Exercise. Birkhauser Verlag, Basel, pp 416-421, 1975. 


Graham, T., C.K. Chapler and D.G. Sinclair. Changes in metabolic 
intermediates during activity in canine skeletal muscle. 
(Abstract) Med. Sci. Sports 6: 77, 1974. 


Greenleaf, J.E., S. Kozlowski, K. Nazar, H. Kaciuba-Uscilko and Z. 
Brzezinska. Temperature response of exercising dogs to 
infusion of electrolytes. Experientia 30: 769-770, 1974. 


Grubb, B. and J.F. Snarr. Quantitation of the glucose-alanine cycle 
in perfused rat hind limb. Physiologist 17: 234, 1974. 


Hansford, R.G. and B. Sacktor. The control of the oxidation of pro- 
line by isolated flight muscle mitochondria. J. Biol. Chem. 
245: 991-994, 1970. 


Hansford, R.G. The control of tricarboxylate-cycle oxidations in 
blowfly flight muscle: The oxidized and reduced nicotinamide- 
adenine dinucleotide content of flight muscle and isolated 
mitochondria, the adenosine triphosphate and adenosine di- 
phosphate content of mitochondria, and the energy status of 
the mitochondria during controlled respiration. Biochem. J. 
146: 537-547, 1975. 


Harken, A.H. Hydrogen ion concentration and oxygen uptake in an 
isolated canine hindlimb. J. Appl. Physiol. 40: 1-5, 1976. 


Harper, H.A. Physiological Chemistry. Lange Medical Publications, Los 
Artoss OV. 


Hider, sat and L. Meade. The conversion of 1-!4cq Pyruvate into 
[i 4c] alanine in rat skeletal muscle: Its relevance to the 
effect of insulin on protein synthesis. Biochem. J. 128, 
165-167, 1972. 


Hier, S.W. and 0. Bergeim. The microbiological determination of 
certain free amino acids in human and dog plasma. J. Biol. 
Chem. 163: 129-135, 1946. 


Hirche, Hj. and U.J. Vollmer. Der substratumsatz des skeletmuskels 


f tapucior ot oe {Odsdat os 
BROT TSB-OTh aq: (oaK8" ,DETIAV. a 7 


stfodssem nt 2enreds “Atetath2’ 2,0 baa 
eho2um (srafake antney ni VST VLISS pa 


AVOT Sh\nee edaoge algees. i 


SS bis oat roeti-sdustosn fi eebi a He 
oy, 2000 Ofte h1s4s 49 i phe ae nee 
VOT POCS-ce%. (08  nityersax Yio": bc) 
af yr cnt MET S-s200U ty Bade 79, en AONBRE A BAG ‘a déwia 7 
Pier) bs st calaaia raga ant hott ita ui 


win TO ani sabre SAF TC roycroo eli ndtasad Brig Bh cee | =u 


mano: ford, -sa RON SoS iit oe Ue fiat is had foal 
-O*E/, a 


nr enottobrAo giays-San[yxodtsaint 19 binvt 
sabtnisnit o5tn beaubetebas bestSrxo ant eiseu 
hainioet Lie afozuy Tit te trsones Sti het 
-ib ontzanebe na SAAgronaTns syretneba, Sth: 

+o evted2 Yeats sid Das eBirbnoitaoted MO Thain 
& .ietisore « notaearqest bs {for inde ne vig nna 


rent ofayoy bautey pre Gut teh gonna fi 
Ocer ,d-( 508 [pregaeaagA ob 
aod, 2nntdsol {dud fastust) spiel cia setae a GAR ‘ 


int steyuw§ tate lL A6 Ol e4e iD ae. 
aft of a>navare 23) ce} geum sodels ie ni 
ASt fp smedgotd J2festinge Nee te vent 


| yan saa et ate fe 
| si 


100 


bei unterschiedlicher arbeitsleistung. Pflugers. Arch. 
297 RID. \96/s, 


HIVChess Hig Wok. Ratt and D. Grun. The resistance to blood flow in 
the Sree Ones of the dog during sustained and rhythmical 
1sometric and isotonic contractions. Pflugers Arch. 314: 
97-112, 1970(a). 


Hirche, Hj., D. Grun and W. Waller. Utilization of carbohydrates 
ci ce eke by the gastrocnemius of the dog during 
ong lasting rhythmical exercise. Pfliigers. Arch. 321: 
121-132, 1970(b). 


UN ee Wacker and H.D. Langohr. Lactic acid formation in the 
working gastrocnemius of the dog. Int. Z. angew. Physiol. 
S0hg oe -04. 19 ile oe ae 


Hirche, Hj., V. Hombach, H.D. Langhor and U. Wacker. Lactic acid 
permeation rate in working skeletal muscle during alkalosis 
anGeaciaosis.. Pflugers. «Arch sUppasso2: R/S, o/c. 


Hirche, Hj., U. Bovenkamp. J. Busse, B. Homback and J. Manthey. 
Factors influencing lactic acid production in working skeletal 
muscles iscand. Jzeclink, Lab. Invest. Supps 9) 28.,Vvo0lj3ii. 


11-15, 1973(a). 


Hirche, Hj., H.D. Langhor and U. Wacker. Lactic acid accumulation in 
working skeletal muscle. In: J. Keul (ed.) Limiting Factors 
of Physical Performance. Georg Thieme Publishers, Stuttgart, 
pp 166-172, 1973(b). 


Hirche, Hj., V. Hombach, H.D. Langohr, U. Wacker and J. Busse. 
Lactic acid permeation rate in working gastrocnemii of dogs 
during metabolic alkalosis and acidosis. Pflugers. Arch. 
346: 209-222, 1975. 


Horstman, D.H., M. Gleser and J. Delehunt. Effects of altering 0 
delivery on VO» of isolated, working muscle. Am. J. Phys¢ol. 
230: 327-334, 1976. 


Howald, H. and J.R. Poortmans. Metabolic Adaptations to Prolonged 
Physical Exercise. Birkhduser Verlag, Basel, 1975. 


Howarth, R.E., R.L. Baldwin and M. Ronning. Enzyme activities in 
liver, muscle, and adipose tissue of calves and steers. 
ema ey oC ls le70>1 274-1 J6G. 


Hudlicka, 0. Muscle Blood Flow: Its Relation To Muscle Metabolism 
and Function. Swets and Zeitlinger B.V., Amsterdam, 1973. 


Hultman, E. and J. Bergstrom. Local energy-supplying substrates as 
limiting factors in different types of leg muscles work in 


i ee “1 7 - 
00! 7 a 7 te rt + 
- a ‘ - = ot _ = 7 7 
x: a S a - - f - 
Air biabek ieee +9 a eietet fog -gypt fat } we ay 
: ; - et us ws = 
: o : a E r ./ td 4 - 
eX olaane 
mi wait boold oF pansieteey Sut ad m4 bane Tce AM ot ITE 


Peotorityi brs. bs IMT BIEVE parwh poh, sity to zutwonniyebe SAF 
REE WGA atapult?. 1 2nor FaBt3NO> > 3 pyarter bas 2+ 2e0m2 
= =~ a : (o)002T 2ST in 


zetenby nor" 89 vo norsettTiey = SePheW oM, brs quae ‘Wa: Sf 
att to eutmango 2a) 30s Ye ebias vtie® san ie 7 


; 


S 7 : 


bn YG oo 
.156 to ih carapult?  .e2to weet sohatsty on asl gee 
eae (djorer ,Sep-tey 


J 0.4 bing nodoey ma Pay 


ald mt Goi Pywia? of oF 458) “THODE 


foteyas sweeps «A «dn coh a4¢ to 2ubnenoo west patayoW 
oe a ae Set. ad-SE 308 
a; Gre Norns 1 .G JH Ager adh Vy ih ad ath 


7 5 atgein Tepafede patisow Wh) asst notgneereg 
“Gyel ENR SEE .Ague ioth: . 28 Bult 2; 2@btSe bn 


vec tnan » Dla dance! q-, seen .be ns sxsw’ a x til 

fetalede Onfarow ot qOrIoubIIG ZLIS JisokI ontanauttal 2902384 

Fo foy .GS{. sgqu2. g.2eeui. ded iito 1b .DnBoe efaeum 

= ABTENCI- at-Tf 

At Watsehinwass Di56 OfF9eI mxaéW .Uon6 ies: Hoectl oof 
etSe ancvemrs (ub) 1Sa. ew ini 3fa2um “oro Sant INow 7 
-Saenesiuse , 2tederi a" smeiaT ptosd Soren? (4, tsa reyae 70 

: Aap Eat SVP-dat gq 7 


woud - bas 4 S825H wll , oon. ay, edosdnon ¥ bi a bas 

epob 7 Bisa AOO1TZHD VAPATOW Mi S26 Bb ts yion DPd98 
Ta poi (74 efeCuran bas er ; re ese fe 
“a eNOe 1 SSSs208 


: 
al putaasfe toeatoseiA, .zun aise U des seat sh mse or 

fateyns ty 9) Qeum hes ow ,bereteet ta ga no gant 
a : saNer a c 
beohatderS oF ehoTtisiashA oh1) 60M, 2n8ar196 ee 
NOE fS2n8 sph Cyav, Ww 2ubA Nee! Sef anexd sali : 


; nt aor st vicos Sysn7 sunt HOF i bisenty Ae ie ee, it 
-2xaod? bis 26vTR2 1) Suaetseaeogrhs eum 18 
= BREF ANSF-ONSI a ea } 


that ode gem SioeuM oT not ielaa esl hast Dao! 
evel aebred 2inA Ve : iaont NSS baw, 2a 


26. aos dadue anbolaque=uore pst s00 peas y 
Tocum pet To say HONSTT tim 
2 


: a 


10] 


normal man. In: J. Keul (ed.) Limiting Factors of Physical 
TE. EAGER Georg Thieme Publishers, Stuttgart, pp 113-125, 


Ichihara, A. and E. Koyama. Transaminase of branched chain amino 
acid. J. Biochem., Tokyo, 59: 160-169, 1966. 


Issekutz, B. Jr., H. I. Miller and K. Rodahl. Lipid and carbohydrate 
metabolism during exercise. Fed. Proc. 25: 1415-1420, 1966. 


Issekutz, B. Jr., and P. Paul. Intramuscular energy sources in 
exercising normal and pancreatectomized dogs. Am. J. Physiol. 
215: 197-204, 1968. ae a 


Johnson, R.N. and R.G. Hansford. The control of tricarboxylate-cycle 
oxidations in blowfly flight muscle: The study-state concen- 
trations of citrate, isocitrate, a-oxoglutarate and malate 
in flight muscle and isolated mitochondria. Biochem. J. 146: 
527 —Do One Lose - 


Katze ae Contractile proteins of the heart. Physiol. Rev. 50: 63-158, 
970. EEL 


Karlsson, J., S. Rosell and B. Saltin. Carbohydrate and fat metabolism 
in contracting canine skeletal muscle. Pfligers. Arch. 331: 
57-69, 1972. 


Kayne, H.L. and N.R. Alpert. Oxygen consumption following exercise 
in the anesthetized dog. Am. J. Physiol. 206: 51-56, 1964. 


Keul, J., E. Doll and D. Keppler. Energy Metabolism of Human Muscle. 
University Park Press, Baltimore, 1972. 


Keul, J. The relationship between circulation and metabolism during 
exercise. Med. sci. Sports. 25; -209-219521973- 


Klausen, K., K. Piehl and B. Saltin. Muscle glycogen stores and 
capacity for anaerobic work. In: H. Howald and J.R. Poort- 
mans (eds.) Metabolic Adaptation to Prolonged Physical 
Exercise. Birkhauser Verlag, Basel, pp 127-129, 1975. 


Kleine, T.0. and H. Chlond. Enzymmuster gesunder Skelett-,Herz-und 
glatter Muskulatur des Menschen sowie ihrev pathologischen 
veranderungen mit besonderer berucksichtigung derprogressiven 
Muskeldystrophie. Clin. Chim. Acta. 15: 19-33, 1967. 


Klotz, I.M., N.R. Langerman and D.W. Darnall. Quaternary structure 
of proteins. Ann, Rev. Biochem. 39: 25-62, 1970. 


Koizumi, T. Turnover rates of structural proteins of rabbit skeletal 
muscle. J. Biochem. 76: 431-439, 1974. 


. ott ne - ae va mT" 


| oe Ge ie 
y, race to ake tig pint | (aba 3) 1 i sat 
paStalE Gqydvepssute | aon rigid anata oe poet 


_ 


ae 7 
7 _ 
onfiis niet terol eat to azenineensy? SNENGN 3a +b , bus 


-30eT ,eal-0a! 702 ,owler . esl g0t8. «Le ~ 


adeibydodaad ome brot! .fitsbofl -4 Ons “efirn 1 Rs Ye ee’ p22] 
Apel ,0S STF S 44 685 ernie preawh wat oletenr 7 


oo | 

it Save E wyS0s VG Fis a0 4 fut 49 BME vont of cass e221 
if 2fiab bee HR aad Ra 6g baw Taarvon pte yer : 

\ Bae} a at ey sais, 


olauseasniyxodtesri? io Toriata, ont -bvotenah re ange Ad 01 FENNOU, 
~Konis afs72 bbs. st) -afgeum 2ner lt yhtword At ehot sab Re > 
nieteh bas sievery| DOXO-w esan tse aoe! syertio 26. 2a raed 
‘obT ..G. Snstsene © 2b tpaadood™m bascfoot baé sloeum atiphht ef ; 
an aver 4 ee-N8 | 


| a ae 
)Bal-Bascdd .vew .foreyad .<Fiss0 ont to enferovd afttaeninod- he 64 


+ 7 
= 


mattodsiem te? bog stevbylodis0 .nfsise 8 ons i fo208 wo rae 7Ne 


MEE ah .21epb(ts” .atoews 1655 faye SO tABS Mot ee so 
Set ,ba-ve 


that corigqamenco neeux0 .2¥SqrA Wabi sae J 


wl 
harevin “G mA poh ogtrz anjeene ‘ent nr 


PL VvIax4) pit! i 
i > ra . ( 
a @ Cit +O pia 


-ofneuM ned Ju nerf odetem yprend » valqder aa kines Fiad 3 ibis 
STO -gvomls hha i ave4 on J 


inprub metfodetoam bab norte lhiair’s. nse ‘wid grade no de age 

VOT pefS-¥05 st voc 90Ge. £38 (be 

ore psposy lsat .. nog tee a one ay ie 2 ' 

f-—%.G hab biswol, oh eal tow aidevonre 

feokaydd papnapart ud wot tedq—abA ot foderaM 

aXe OSI-S8T Qq°.fge2sd ,OBTNSY, 182 aygnaats 
, 


biu-x15k ,~tialate ebhsesp ‘sea ono 


bie. 0,7 ft - ty 
: a3 * ae 


nsdsetpe forms veut) afwoe sige ph sunt 
voviczanoaverab paunrinstevouved Wwisbnoead Shim 
MaOT ,66-OF tl: tok hdd ae etdg 

‘@Angou tz eiamtss ou _f Fahd W. n or 
NOT _SdeeS OE -f a eer | 
letslske didda at 30 antag ' 
AROTY 

4 _ 


. 


102 


KOmiNnZee Di R..5 A. Hough, P. Symonds and K. Laki. The amino acid 
composition of actin, myosin, tropomyosin and the meromyosins. 
Arch. Biochem. Biophys. 50: 148-159, 1954. 


Koziol, B.J. and D.W. Edington. The effects of prolonged direct 
muscle stimulation on biochemicals associated with the malate- 
aspartate Shuttle in rat skeletal muscle. In: H. Howald and 
J.R. Poortmans (eds.) Metabolic Adaptation To Prolonged Physical 
Exercise. Birkhduser Verlag, Basel, pp 139-143, 1975. 


Krebs, H.A. and L.V. Eggleston. Biological synthesis of oxaloacetic 
acid from pyruvic acid and carbon dioxide. Biochem. J. 34: 
1383-1395, 1940. = 


Kugelberg, E. and L. Edstrom. Differential histochemical effects of 
muscle contractions on phosphorylase and glycogen in various 
types of fibers in relation to fatigue. J. Neurol. Neurosurg. 
Psychiat. 31: 415-423, 1968. 7 


Laferte, R.O0., H. Rosenkrantz and L. Berlinguet. Transamination in 
muscular dystrophy and the effect of exogenous glutamate: a 
study of vitamin E deficient rabbits and mice with hereditary 
dystrophy. Can. J. Biochem. Physiol. 41: 1423-1432, 1963. 


LaNoue, K.F., W.Jd. Nicklas and J.R. Williamson. Control of citric acid 
cycle activity in rat heart mitochondria. J. Biol. Chem. 245: 
HOZ=ildiye 19708 


LaNoue, K.F. and J.R. Williamson. Interrelationships between malate- 
aspartate shuttle and citric acid cycle in rat heart mito- 
chondria. Metabolism 20: 119-140, 1971. 


LaNoue, K.F., E.I. Walajtys and J.R. Williamson. Regulation of glu- 
tamate metabolism and interactions with the citric acid cycle 
in rat heart mitochondria. J. Biol. Chem. 248: 7171-7183, 1973. 


Lefébvre, P., A. Luyckx and B. Robaye. Pattern of twenty-four 
plasma amino acids in rats before and after muscular exercise. 
Arch. internat. Physiol. Biochim. 80: 935-940, 1972. 


Lehninger, A.L. Biochemistry. Worth Publishers, Inc., New York, 1970. 

Lin, E.C.C. and W.E. Knox. Specificity of the adaptive response of 
tyrosine-a-ketoglutarate transaminase in the rat. J. Biol. 
Chem. 233: 1186-1189, 1958. 


Lo, S., J.C. Russell and A.W. Taylor. Determination of glycogen in 
small tissue samples. J. Appl. Physiol. 28: 234-236, 1970. 


Lowenstein, J.M. Citric Acid Cycle: Control and Compartmentation. 
Marcel Dekker, New York, 1969. 


sor 7) + 4 


> Ay, ue ne 7 _ ai 7 = 

- ptos contin, ‘AT “ti ‘bs ebad 4 ak A 

enfeaymevam ons bas =: he iia ea 3 patie a oe] 
qaaet .eal-SPF 208 naga moot a p 


Seoyeary bapnalord Fo 2fa9tta SAT ofosgnitba Naw’ ss 6-8 sf soi 
-767 5m ae Pee badstooees eTeathedaord no “pols oT ant se a. 

bie bhewod Mink) .veToeue fejafeda ve at gts sae: sd edysq2 5° 
fsoreyAls bepnor of aofsetiebh of fAdésoM ( -2bs) ‘aiatit 7008 | AL . 
“Axel ~SRI-OL) qq , Psasa’ , Pb 78Y yaeubn ated eefarea 

ad 


a 
_ 


5795601 bxe tO 2428 aizoye Ls: Srpeier aodestppa.,.V. J bres A ag 
be if, madoote sabi xolb gopyso brs bi oe OFMAG MOTT bi26 
pals, MI SOT. ever -E8T 


to 2josttsa Foot iooret the tats ngratird  sadrdeb? ad bins .3 oried sausk 
INTO Aqzory yo < nortostines glae yar _ 

Bt od not 38 Fay at exsdry to 2oqyt 
ane .€Sn-aia .%€. petdayet - ; 


* * ln 
2HaT VHaW Nt ASpe.. ARS Dh. Seb 
pyUcO TS! . .OVNS 


- 


an nerssnriisens saubatiq4d 2.3 bos Stas 4HS20R .H e -UoN jeirsted 


& tetnemruic 2uotspors To 336776 SA ONS vidgoiteyo 4g iuDaumn- . + on 
ViRripesian thith sort One midds tnarortsh 3 MhMeT hy 70 vbud2 _— 
‘haPL gSENT-ESR) (> Jobeydiev@sioots mea” NER 
Hispespatio Fo lado) .coemetli'W a,b Dmta 26 Hoth «bak iia ool 
eRe’ moro. «ford _ciabrodsotinciiesd fev DP VIrviaS STO ~ = 7 
Hea a SETS. Over ietesar — 
ites rs re Boe at aa, Ped a » v in 
ist pian naawied 2ardznotse | aries. ~ ndenG! itd AG tie 14.4 .SuORSs 
Osim ivpen Fen ob Sioa Sias SinyTr > DIG Siae ute ed atvsdes = 
rcer .Oht+eT! 0S mel bodetee ot Poros : 


WhprIs Nofsts| yoar noone ifr na DAB ibe! si a sa tal cA fi wi 
Love bins ofttn, sdf, itiw ehorsoarsiar iis mar fodssem atsmsy - 
ANOt VEBIN@INIS 2BbS_ unarid fold. ob. Cala baotaoerm Igor 7 hal m : 


suot-yinaws To Wyetie1 44 BYOH § bys . abo. oe ee Ate) 
72 hatraxs <6} Tyne ui sae bitsl Sate 2367 if i tan Ont is bate 
Jsnvsint 


STO) Obe-gEe) SOF nti tot oteysld eaat oe 
ORRT | SaY wet, nal devater ides oie ‘earned att an fees» 


to sedoqasy sy ttgsbe are 50) yrs ee oe oe sae 
Lia GR FBY Sah nt ‘apsnimbenstt isd Ku posad-nes cone 


? a BET Retraat) ES ma) 
nt djepooytp to npottsnbwsdad aptyat ut 6 aoe 
LOVEE ,OES-BES” 388 ileus A 
_afiat dee eae brie ora 2 ail 
7 i i : - ie jee ney 


103 


Lowenstein, J. and K. Tornheim. Ammonia production in muscle: the 
purine nucleotide cycle. Science 171: 397-400, 1971. 


Lowenstein, J.M. Ammonia production in muscle and other tissues: 
the purine nucleotide cycle. Physiol. Rev. 52: 382-414, 1972(a). 


Lowenstein, J.M. Replenishment and depletion of citric acid cycle 
intermediates in muscle. In: M.A. Melhman and R.W. Hanson 
(eds.) Regulation of Metabolic Processes in Mitochondria. 
Academic Press, New York, pp 53-62, 1972(b). 


Lowey, S. and C. Cohen. Studies on the structure of myosin. J. Mol. 
Biol. 4: 293-308, 1962. adhd-tiaoe 


Sa ee ae Oxidation of amino acids by isolated rat diaphragm 
and the influence of insulin. Biochim. Biophys. Acta. 100: 
295-298, 1965. 


Masoro, E.J., L.B. Rowell and R.M. McDonald. Skeletal muscle lipids. 
I. Analytical method and composition of monkey gastrocnemius 
and soleus muscles. Biochim. Biophys. Acta. 84: 493-506, 1964. 


Matsutaka, H., T. Aikawa, H. Yamamoto and E. Ishikawa. Gluconeogene- 
sis and amino acid metabolism. III Uptake of glutamine and 
output of alanine and ammonia by non-hepatic splanchnic or- 
gans of fasted rats and their metabolic significance. J. 
Biochem. 74: 1019-1029, 1973. 


Maxwell, L.C., J.A. Faulkner, D.E. Mohrman and J.K. Barclay. Physiology 
of dog and cat skeletal muscles. Med. Sci. Sports 7: 64, 
hoy oe 


Mayes, P. Metabolism of carbohydrate. In: H.A. Harper (ed.) Physio- 
logical Chemistry. Lange Medical Publications, Los Altos 
pp 227-262, 1971. 


Mehiman, M.A. and R.W. Hanson. Energy Metabolism and the Regulation 
of Metabolic Processes in Mitochondria. Academic Press, 
New York, 1972. 


Miale, J.B. Laboratory Medicine - Haematology. St. Louis, C.V. 
Mosby Co., pp 822-828, 1962. 


Miller, E.V. Inhalation anesthesia in the dog. Fed. Proc. 28: 1441- 
1449, 1969. 


Miller, L.L. The role of the liver and the non-hepatic tissues in 
the regulation of free amino acid levels in the blood. In: 
J.T. Holden (ed.) Amino Acid Pools. Elsevier, Amsterdam, 
pp 708-721, 1962. 


Mimura, T., C. Yamada and M.E. Swendseid. Influence of dietary pro- 


fr : t, 7 ; ' | 
a SP As re 
: 
— i. = 


= 
af2 :aloeum nr niofsous ate ahnamel insgieT 0 bi 
th BOB. Kee | yi aa05 S132) Shieh aurs FC 


‘eaeat? sotto bas 2toeun nt noreoutera fide M5 
AeySOr SUR-SBE 352 Van orzurd atone sbtsostoutt’ ye 


rs) a _ 


afayo btes ointis Yo motte qed: bits tosimletnatqaa? Mi he ania 2 news 
noensh «WA bie of cue sAM “AL “8  azun nt 2otapbednsint : 
“siveoodzotih W! 292299099 91 Lodsdal, To nose !apsh a evad | 

dyStPT .Sa-62 oq, 240% WAH 2258 ‘eee 7, 


a - 
tee .nieown to, otutsuvte odt 10 esrbuse .natod +) bo. an 
Los? me ' j B08-E@S “h A0re. 7 
moeyaasrh 1h" boreloer Ad Foioe oie ta no ftaerxG dz . 
GOT .e¥oA° evdgor® atdgodA oni venr tp aonaultac att baa 
Sos boa . Jcbef -B2S-c83 


rr 
2bFgnt *afazun Fstelai2 bhispdoh>. Min tne bPswah thd re) - oro26M 
agunanseri 250. Vsanon to nore rreqmon bab borg hea tty fag +h i a 
bael (aes-008 he. .utad. cya?  ineisora ~~ ee loean eco iee i i] 
-sagnasrovUld° szwasinei- 4 basvosdmensY A. evant ot 7 stied 188 
Ker enti turo WO sxesol TIL -.meriodarem Ride Onims bas ‘ake. : 
Ai: arnton + ica6d=nen ve. shabytiis’ DAS St sta “OO Shagne- - 
wu Shel 1 oN foopied afonh bas ai beaten oy “ep 
: PSAP -OCRT Ter VEY .medtagrt 
yYooTor ayn welrigd Jay 6° bain eerribs 3.6 -nonn fue? Ast a Pat: 
<P0 2058 ’igige 4c he a. ‘Si in) sie Se 463 BAG 26 
mea a | 7 tof fy” ; i 4 nl »326 if tO ".65 ro it Toderenm a aan 
2s 1h 1) oe  feore e267. LY Bee bp he fo oo! 
it? a SBS NSS qu 
heir 
no telugor Hig Bit 12" 1.004147" "Ata oan BK. 7) {, 2 bra A. Le Ps The 
-2ee7S siaepGoA. ..sfybantts ie nr 252 297044 attodddet to: 


She etvoy al 


Vad pepo. f2.°-. (eo! ovemsti— antoronM Mise re aa 
‘soeT ,oSa- SS 4q «00 ys2oM : 


es fPRT 288 9or).baa 0b Sri) eiestzone mnnate Na, | E 
4 ; oo bala 


7 7 
oink eaue2tt apteasd-non ie bas “evi. ae 


in] *booTd add at eiaval’ fot Bah ont 
mbbysd2i0A etatysel3 <ef00 oreg 


_ > 
bieebos ' 


104 


tein levels and hydrocortisone administration on the 
branched-chain amino acid transaminase activity in rat 
tissues. J. Nutr. 95: 493-498, 1968. 


Mitchelson, K.R. and F.J.R. Hird. Effect of pH and halothane on 


muscle and liver mitochondria. Am. J. Physiol. 225: 1393- 
1398, 1973. ie 


Mole, P.A., K.M. Baldwin, R.L. Terjung and J.0. Holloszy. Enzymatic 
pathways of pyruvate metabolism in skeletal muscle: adap- 
tations to exercise. Am. J. Physiol. 224: 50-54, 1973. 


Mole, P.A., S. Tangsakul and D.R. Vaughn. Plasma alanine as related 
is relative workload. (Abstract) Med. Sci. Sports. 6: 83, 
974. 


Molé, P.A., S. Tangsakul and D.R. Vaughn. Plasma alanine as related 
to work metabolism in trained and untrained men. (Abstract) 
Med: Sci. Sports, 7: 66, 1975. 


Morganroth, M.L., D.E. Mohrman and H.V. Sparks. Prolonged vasodila- 
tion following fatiguing exercise of dog skeletal muscle. 
Am. J. Physiol. 229: 38-43, 1975. 


Neely, J.R., R.M. Denton, P.J. England and P.J. Randle. The effects 
of increased heart work on the tricarboxylate cycle and its 
interactions with glycolysis in the perfused rat heart. 
Biochem. J. 128: 147-159, 1972. 


Newsholme, E.A. and C. Start. Regulation In Metabolism. John Wiley 
& Sons, New York, 1973. 


Nocker, J. Physiologie der Liebesubungen. Enke Verlacj, Stuttgart, 
1964. 


Ochoa, S., A.H. Mehler and A. Kornberg. Biosynthesis of dicarboxylic 
acids by carbon dioxide fixation. J. Biol. Chem. 174: 979- 
1000, 1948. 


Odessey, R. and A.L. Goldberg. Oxidation of leucine by rat skeletal 
muscle. Am. J. Physiol. 223: 1376-1383, 1972. 


Odessey, R., E.A. Khairallah and A.L. Goldberg. Origin and possible 
significance of alanine production by skeletal muscle. J. 
Biol. Chem. 249: 7623-7629, 1974. 


Omachi, A. and N. Lifson. Metabolism of isotopic lactate by the 
isolated perfused dog gastrocnemius. Am. J. Physiol. 185: 
35-40, 1956. 


Opie, L.H. and E.A. Newsholme. The activities of fructose 1,6-diphos- 
phatase, phosphofructokinase and phosphoenolpyruvate carboxy- 


118 


Sean Wy © eee CEs ema sea 
‘ gtd one  nabtenre tinfmbs LTO ign ray bas, 2 av 
; fan at viivisos pagiiniedie’ brad gnyms Atk 
cAaeh pbet- SPR tee: gat +b — 


Ao smilie! pa bre Hy 76 499715 bY AY. T bie (tad gine 
Pett. 1.288 .fereyst  -l MA Stith fod 703 th “avi'l bie ‘sta 


“eNOS 88 
bt brie Dink in) oe »Niwbhed Mam mer 


- . por a af, oo -_ 
: ” a y 


a 


st aanon ¥x20i Tot 
: 4 _ 
i ‘efsoum paisiave nt. map lodbsom Syovuy ZV AMR TEQ 
FUeT ,hd-0e BSS Torevay GWA ..Se1oTSK af snotiet - 
: F 4 
Hetalew es Sarg! 5 .mebi4 mipis¥ of. 0° bes rudbeqnet i @ KA 4 2aio 
$8 ta sane wioe hem (grey Freda) bao laTow capac of 7 
. PAGT 
aN ae ° 
betarey 2s snthsls site!) sn QUey oC has. Tobkemnad, .2 nA S cal 
Pesengadh) .nwurwanreriqd bas Bahtess nt, herlodeysm owes 
okey .80° 7 PQZRNDHe |. tee «SBM ry 
, r i o - re tA 37 i“ Ae — "T - 
=f] pe sv senor of “ec WN BG CC AA ee bie > GAs a at neue fit onttey ON" ay 
Beeon Teys leu? poh 7o- Sera ysxs | Finrrer oor ror not 
: ital 4 3 ‘i rs 7 for any (lS q ; o Bu a 
(Grew +2 - 
att Ta any acp as rh) tos oie hot @ b.4 norti 5( f bo 4 etisott 
roe i : 
ert Dns aie ately xodypsiacest Yow. JSS pals st ta - = 45 


TRS DRY basutvad Si. fonvi@ tote enorraeesnt 


vt ? [~5Mt eal iG afi warlaats 
valiW idol. .metfadsieM a! notte! uber avede Doone .. A.4..onthod wav 


ota ce, .AYOY wall ,enod & 


geeeiste .tssisey ean fsonvdyesdsi J yab stpotaraqi4 «& + seo a 


fae! a 


stiuxodissi> to zheattiveotd ~ -preday0A .A one “atitem Ws Rats wots 
ase SON sty .ForS.ub .Hortexi? abiaare fir doe td 2bt26 we 
| BROT haaie 


fasolade sn ye sniouat 3 -sotsebie.~. gisdbied -.2.A wa it "We 
(ey -ESET-e%E 7BSS .fofewtd .o . a 1s fo2um aa 
as — a 


wG .sfoeun istatsve vd nor toubour wthnets to “he 1 , 
— BRT OSA -ESAN. 3 es mand [ot 
fei 


cr , (osm 


oto” ie 


al drezoq bis shot 1) VJ OTSGbI Od val A Lait, 16) 16 rua vA, iets x8 aa 3 OA 


i ‘oat vil até: n° atdesoer to Hettodedal foettd 
° 1a totems Gu ean. 


o vr 
pagal: va 2b TIVE aT 


Shae ah 
pvirivalonsoddestG: Bk 


_ vROd TD: 


7 


aoe ie yy | a 


105 


kinase in white muscle and red muscle. Biochem. J. 103: 
391-399, 1967. PRS REL Te 


Parnas, J.K., W. Mozolowski and W. Lewinski. Uber den ammoniagehalt 
und die ammoniabildung im Blute. IX. Der zusammenhang des 
a Ls mit der Muskelarbeit. Biochem Z. 188: 15-23, 


Paul, P., B. Issekutz Jr., and H.I. Miller. Interrelationship of 
free fatty acids and glucose metabolism in the dog. Am. J. 
Physiol. 211: 1313-1320, 1966. re 


Palit ces a Issekutz Jr. Role of extramuscular energy sources 
in the metabolism of the exercising dogs. J. Appl. Physiol. 
22: 615-622, 1967. < 


Paul, P. FFA metabolism of normal dogs during steady state exercise 
at different work loads. J. Appl. Physiol. 28: 127-132, 1970. 


Paul, P. Effects of long lasting physical exercise and training on 
lipid metabolism. In: H. Howald and J.R. Poortmans (eds.) 
Metabolic Adaptations To Prolonged Physical Exercise. 
Birkhduser Verlag, Basel, pp 156-193, 1975. 


Penney, D.G. and J. Cascarano. Anaerobic rat heart. Effects of 
glucose and tricarboxylic acid-cycle metabolites on metabolism 
and physiological performance. Biochem. J. 118: 221-227, 1970. 


Peter, J.B., R.J. Barnard, V.R. Edgerton, C.A. Gillespie and V.E. 
Stempel. Metabolic profiles of three fiber types of skeletal 
muscle in guinea pigs and rabbits. Biochem. 11: 2627-2633, 
1972: 


Piiper, J., P.E. DiPrampero and P. Cerretelli. Oxygen debt and high- 
energy phosphates in gastrocnemius muscle of the dog. Am. J. 
ENys10leez 0.2 0rs-0elss 1900. 


Pinelli, A. A new colorimetric method for plasma fatty acid analysis. 
Clin. Chim. Acta 44: 385-390, 1973. 


Pozefsky, T. and R.G. Tancredi. Effects of intrabrachial arterial 
infusion of pyruvate on forearm tissue metabolism. J. Clin. 
abe Invest.001: 12309-23095. 1.0/2. 


Randle, P.J., P.J. England and R.M. Denton. Control of the tricarboxy- 
late cycle and its interactions with glycolysis during ace- 
tate utilization in rat heart. Biochem. J. 117: 677-695, 
1970. 


Rodwell, V. Protein and amino acid metabolism. In: H.A. Harper (ed. ) 
Physiological Chemistry. Lange Medical Publications, Los Altos, 


pp 303-349, 1971. 


gor —_ - 
+ te. 


ig. ey oo ie 
_ S€OF abe mansord - s ane 
i ~ 


fehapsrionms eb edi) Jbieatwed .oC Dns idewolosoM ial te _, 260169 
sgh) charomipeus 140 =XT.-970 ufs «al onub Fidel omens oid a 
-£S-at : 98! .§ nedoor’ trade laaewt sob 37m eslstae wnee vB - 

a 


eel 


~ 


way" : 

maltih: A.B bet cut souddeal ot: ye , Tus9 

detem scoagulw bie. 2°96 ae sevt ) 
saey .OSEL-EFET 77S fotayss 


dsonuoe Words Hl vaZuTIE TINS TO gfo# =. siunseel 4 ve 4 tu 
avid .fgah .l.  .2pob -pnferosaxs Sa ro merfodatim sad of 


td drdenolttsisvassznd 
-& VA ~POG Any itt navic 


obeys 12] -t 
Nadel ;S88-d10 <89 6 
: 7 
* - f - r or 2A mos & f aA ee iA -4 7 
2 ,F ENS. OFG72 (OSI) UAT TUN 2p0b lanyen 7 ta2-F fOGE LS AN Mie U 
GF 961-88) (Bo Ltotenis qq au © .2esol Aw reset TS. 38 
mr aninpent bug. aziovexe Peateyng onti ah onal to 2958TtS: Pa 3 uaa 
(ath). atemiio0% 7.0 bie BlSWOh 1 <n Sek ipa oi DERE ; 
Poigz] Paaheveas. PapkOIOV? OL 3 Cine dA srodedait” _ 
*cof -fop-aaf oy . fect , pai ual) Taeueneiee: 
ne 


io) atosTed.tieot- seu ahiwesana OWBNB2L A) 0 DRG a. d .yanin 4 
+i (odusoam 4Siayd-bros OF yeOaTsotd AAs Seuonhy _ _ - 


Nepiassat AO aos 
ACO. NSE-045 COP) CD uderinath: ~. oneirTie ire fsotpotorayid tas 
N — 
“3. y bra atazabbrd. Ald gnataepts Sav) GyRIIBR im 4-4 amas 7) 
intalous +6 senyad Vadtt, sons) 1 oy) sod sf fndegan - Vggane i 
teae- (ses < if anadsore’ “etiddss ons 2pr9 soni up hi Sisawm 


spiprn bn, gdob cS90yN0 4 feserre. i 4) GAs ondgnayarg ia eG 
-b mA JPAo en fo, 219200 2h BTIOSIeSN TF Sa Or ‘qeotd: ea an3 
paelt. .{faaESen cers. Maley 


.etevians bros yitst amentq 193 honda sidan Velo Wen A A ti feats 
| (e] ~Oveesee . Be ene MEAS snEED: 
oct A 

| Tersosie lotdostdesine’ 19 essstT2 4087 EY, bas .T .vil2texo 
Mf 6 wet Podndom sveery RN ne Savana 40 46 notavint 
a Net ,bgeh-wees We banat, niet 


| ‘eusoaibotis (9 art to hanno sehen MA has binstan? bed ,otboae 
|) $896 pA T4uP atayl[oav!p adie enotjasvedat ect. Bmp: waa a7 
ena mre A ee a nitenianheaes otis i 


i 


¥ 


7 


(ba) vag76H .A Ho cal met fodete 
: (yebath aad 203 601 FO het ere 


106 


Rognstad, R. and J. Katz. The balance of pyridine necleotides and 
a CHUM e oe Tissue. Proc. Natie Acad. ocizaUSA)55-p14o- 


Ruderman, N.B. and P. Lund. Amino acid metabolism in skeletal muscle: 
regulation of glutamine and alanine release in the perfused 
rat hindquarter. Israel J. Med. Sci. 8: 295-302, 1972. 


Sacktor, B. and E. Wormser-Shavit. Regulation of metabolism in 
working in vivo. I. Concentrations of some glycolytic, 
tricarboxylic acid cycle, and amino acid intermediates in 
insect flight muscle during flight. J. Biol. Chem. 241: 
624-631, 1966. a 


Safer, B. and J.R. Williamson. Mitochondrial-cytosolic interactions 
in repletion of citric acid cycle intermediates. J. Biol. 
Chem. 248: 2570-2579, 1973. 


Safer, B. The metabolic significance of the malate-aspartate cycle 
insheart.. Circ: Res? 37% 52/-933, 2197 58 


Saltin, B. and J. Karlsson. Muscle glycogen utilization during work 
of different intensities. In: B. Pernow and B. Saltin (eds.) 
Muscle Metabolism During Exercise. Plenum Press, New York, 


289-299, 1971(a). 


Saltin, B. and J. Karlsson. Muscle ATP, CP and lactate during 
exercise after physical conditioning. In: B. Pernow and 
B. Saltin (eds.) Muscle Metabolism During Exercise. Plenum 
Press, New York, pp 395-399, 1971(b). 


Saltin, B. Metabolic fundamentals in exercise. Med. Sci. Sports. 
5: 137-146, 1973. 


Schlein, E.M., D. Jensen and J.P. Knockel. Effect of plasma water 
loss on assessment of muscle metabolism during exercise. 
Ua ADpl. EhYSTOl.. 342° sod-o/e, 1973: 


Scrutton, M.C. and M.F. Utter. The regulation of glycolysis and 
gluconeogenesis in animal tissues. Ann. Rev. Biochem. 37: 
249-302, 1968. 


Secord, D.C. and J.C. Russel]. A clinical laboratory study of 
conditioned mongrel dogs and Labrador retreivers. Lab. Anim. 
SCie co. 00/-9/15 19/2. 


Siu, P.M.L. and H.G. Wood. Phosphoenolpyruvic carboxy transphosphory- 
lase, a COp fixation enzyme from propionic acid bacteria. 
J. Biol. Chem. 237: 3044-3051, 1962. 


7 i sn, a) 


| 2 bis toatoan onrbe ug to aonaisd Sea 
ie 18 Kev toe -bSoA rah W209 © ae 3 Seaton “a 


:afoe2un Padatgde nt: det fodaian brae on has oor ame os 600" — 
bsautis4 adt nt sessloy anfrals Ors aii: ule To 


SKet .SOE-reo tee ctac” bem <b nei a tn 


ron. to NOTdb1V0SH ti Vaid - “~ SAO a pa 8." 
ifs ame TO. 2am eas aoe 1 NEY EL i onkayvow _ 
nr eats ibe matt blob onus. BNE, 51 9K5 Kise SF unod aa PNe 

FAG (.amtie oT wt .IARTET BOF ub aloaum Stat t Boeeat 
. _ i age! , Ted MBO. 


hae 1° . A 


| 
 gaolttseiaist afionoiyas lorbroione eM “sno anes Ft PTWS.A- vf Die -o 
fork .| ade! sinarnl &layy Gre si4dia TO .nor tt qe 
caps ans egaa-Ches sees meh 


= =» ve Wal ‘62. 
alsta ot iinsazb-sselanveds To sankol) apts af FOS ee ie - 
7 aves Efe=' Sc mya 2), : STI p» ‘eet - 

- - —— Ny Pm 


now pili ED iI 4 Z i Piet aut a ho vy 4 7 i 2M Hip ae) Te, Fi r ie a : 
(,eha) nptise .S br wonys) 3 Ns. a) Tt ean Pred grit to . 
, My  nststeiG pareul me} odetats gui ie 


ae Tie ,;* é +7 f= i 4 Ibs ‘Gi 
| - q bet = 5) iit i u 7 


atoy warn .22 H Hel SISK buké On ae TOR 


a ii 

rf{sz 

ee ib =I S05) Dib, Mog 1 l* gi aeum sneeet iba be hii. a tise 
Sra wOntay .3 4 T- .nntials?bagactse oY 493 tes 22 SSRs 
iis [4 Jets bk os et Ve Gj iter i pioM se yh se eb 3) meee < i 


“ToT iNel GRE -Aee Gq. ayoy We R seant 


24aaue (tod . bel eataiexs ar eT ae oP LOneaen » <8 +a 
oye ie «Dae oa ae panies oe 


1ajéw oiueala To 39857.) ladoocd . 9.0 Dae moensy Bi BS ie ul a(A22 
edzi ONSAS. rt Wh 1k PTOGa ssi, & wifi a a RoE ee teh a 2 


42 

sib F Shee88a ef OCE VAT aah 2 ; 

Bie stau loa ia to ors Fi 1S ont. 9SGU 7. Mtns: “hi Aad 
k OfG WvS% miss see ts t OMT WE fn" eresnon Ba : 


_ 7 | 4 


70 youdz yout bVOds: Eo PAT [5 A “rhe age Ltn aT 


7 ~ hha AB a6! 2 1SVIOVIS" “Ooh 105.1 "Oe pov foxg AoIN by neni re 
on , oc + 


=? 


‘=Ysorigegn gens) vx0d 7t3 3 vi yg oe 2014, -boow 
srrisgosd bide 2iqopded PhS . wh 2X Be 
Soe 7 


107 


spitzer. Jed .and S. Hori. Oxidation of free fatty acids by skeletal 
muscle during rest and electrical stimulation in control and 
diabetic dogs. Proc. Soc. Exp. Biol. Med. 131: 555-559, 1969. 


Stainsby, W.N. and E.M. Renkin. Autoregulation of blood flow in 
resting skeletal muscle. Am. J. Physiol. 201: 117-122, 1961. 


Stainsby, W.N. and A.B. Otis. Blood flow, blood oxygen tension, oxy- 
gen uptake, and oxygen transport in skeletal muscle. Am. J. 
Physiol. 206: 858-866, 1964. are oe 


Stainsby, W.N. and H.G. Welch. Lactate metabolism of contracting dog 
Skeletal muscle in situ. Am. J. Physiol. 211: 177-183, 1966. 


Stainsby, W.N. Oxygen uptake for isotonic and isometric twitch con- 
tractions of dog skeletal muscle in situ. Am. J. Physiol. 
219: 435-439, 1970. 7 


Stainsby, W.N. and J.K. Barclay. Oxygen uptake for brief tetanic 
contractions of dog skeletal muscle in situ. Am. J. Physiol. 
Cass 1N-379 OTe. 


Stainsby, W.N., J.K. Barclay and P.D. Allen. Direct evidence in a 
mammalian skeletal muscle that oxygen transport does not 
limit oxygen uptake. Physiologist 15: 272, 1972. 


Stainsby, W.N. Critical oxygen tensions in muscle. In: J. Keul (ed.) 
Limiting Factors of Physical Performance. Georg Thieme 
Publishers, Stuttgart, pp 137-144, 1973. 


Stainsby, W.N. and J.T. Fales. Oxygen consumption for isometric 
tetanic contractions of dog skeletal muscle in situ. Am. Jd. 
Physiol. 224: 687-691, 1973. 


Stowe, D.F., T.L. Owen, D.K. Anderson, F.J. Haddy and J.B. Scott. 
Interaction of 02 and COo in sustained exercise hyperemia of 
canine skeletal muscle. Am. J. Physiol. 229:28-33, 1975. 


Strobel, G.E. and H. Wollman. Pharmacology of anesthetic agents. 
Fed. Proc. 28: 1386-1403, 1969. 


Tager, J.M., E.J. deHaan and E.C. Slater. The metabolism of alpha- 
ketogluterate. In: J.M. Lowenstein. (ed.) Citric Acid Cycle: 
Control and Compartmentation. Marcel Dekker, Inc., New York, 
pp 213-248, 1969. 


Tietz, A. and S. Ochoa. Metabolism of propionic acid in animal tissues. 
V. Purification and properties of propionyl carboxylase. J. 
Biol. Chem. 234: 1394-1400, 1959. 


Tipton, C.M., R.A. Carey, W.C. Easten and H.H. Erickson. A submaximal 
test for dogs: evaluation for effects of training, detraining, 


oO rao i lt poste’. pacar A 
tgfav> ab drag a stiyx0 “DAB 8 ala 


we on aise 
pats or to maf Todnd sn: sissit fats 
en et P-Ch c PS etokeyd? Le cmA~ ie: fra 3. 


“fda fading otrtomo2t bas oF posoe! vo? SABIQN NSVYX 
Tofeunt .b..0 wits of-slogunyTaiereds ea O en 


¥ 1S 


shieySe. tacnil wot sterqu NSpys® UBT ats. .lyDMe. 9 _ ydentet2)> = 


Ta?  cmh- igi nb 9 foeum fatetsde. Dob 10 ener 7 
——— SULT 206s TSE TERS "¢ 
a 7 
Benr sqnebhys 1927! ehhh 6-9 Bite yaioied oA G oH aNse rete: - 
Pan woh. 356 eueneat ees tai? aftozum feos aaa nee tgane : 
Stor ,ci¢ <8) ganooloreyd) «© Si soquen apyxd J hat! 


hie) vet .b-20L  <ofpeumons engrensy nauN SG F 
BEAT pose . aaANMOT EY [at evat Ao, 20 B 
TENOt WRI -SEP ag ,Supsiede - east 


Stasonoet- 107 vofsanenes wepy .z9ret 
5G aah utle of aloe hetatode oh la eel 
. a ENC i to=) 


fout \asbebas ybbed U4 noes a a 
19 sime'ianyt Safoi98s Dk dade has nt eOI ne gu - +1 
voter ,LESGS: O88 <i) Soreens” mA aloe 


esnais Direni25ns 1 YaoleoamBsas nt id 
2aF BOM BBE cze 


etal) 10 merloda ssn wT, ‘gra telé Sie 
detoyd biak.otath) -(.be) .nratenewe 
AAOY wal. 9nl pressed [oatHh .19 


108 


and cage confinement. J. Appl. Physiol. 37: 271-275, 1974. 


Utter, M.F. and K. Kurahashi. Mechanism of action of oxaloacetic 
carboxylase. J. Biol. Chem. 207: 821-841, 1954. 


Utter, M.F. and D.B.Keech. Pyruvate carboxylase. I. Nature of the 
reaction. uJ. Biol. Chem. 238: 2603-2608, 1963. 


Utter, M.F. Metabolic roles of oxaloacetate. In: J.M. Lowenstein 
(ed.) Citric Acid Cycle: Control and Compartmentation. 
Marcel Dekker, Inc., New York, pp 249-296, 1969. 


Von Korff, R.W. Citric acid cycle dynamics and substrate compartmen- 
tation in mitochondria from rabbit heart and brain. In: M.A. 
Melhman and R.W. Hanson (eds.) Regulation of Metabolic 
Teese in Mitochondria. Academic Press, New York, pp 93- 
Seal ose. 


Wahren, J., P. Felig, L. Hagenfeldt, R. Hendler and G. Ahlborg. 
Splanchnic and leg metabolism of glucose, free fatty acids and 
amino acids during prolonged exercise in man. In: H. Howald 
and J.R. Poortmans (eds.) Metabolic Adaptations To Prolonged 
Physical Exercise. Birkhauser Verlag, Basel, pp 144-153, 1975. 


Weisel, M., G. Raberger and 0. Kraupp. The effects of intra-arterial 
adenosine infusion on substrate levels and blood flow in skele- 
tal muscle of the dog. Naunyn-Schmeideberg's Arch. Pharmacol. 
CI 239=C5e,  \973% 


Welch, H.G. and W.N. Stainsby. Oxygen debt in contracting dog skele- 
tal muscle in situ. Resp. Physiol. 3: 229-242, 1967. 


Wenger, H.A. and A.T. Reed. Metabolic factors associated with muscular 
fatigue during aerobic and anaerobic work. Can. J. Appl. Sport 
Sci. 1: 43-48, 1976. 


Whalen, W.H., D. Buerk and C.A. Thuning. Blood flow-limited oxygen con- 
sumption in resting cat skeletal muscle. Am. J. Physiol. 224: 
763-768, 1973. 


Winer, B.J. Statistical Principles in Experimental Design. McGraw- 
Hill, Inc., New York, 1971. 


Wise, W. Normal arterial blood gases and chemical components in the 
unanesthetized dog. J. Appl. Physiol. 35: 427-429, 1973. 


Wong, D.T.0. and S.J. Ajl. Conversion of acetate and glyoxylate to 
malate. J. Am. Chem. Soc. 78: 3230-3231, 1956. 


Wrobeléwski, F. and J.S. LaDue. Serum glutamic-pyruvate transaminase 
in cardiac and hapatic disease. Proc. Soc. Exptl. Biol. Med. 
91: 569-571, 1956. 


diedanawod 4/0 nl” .aebtooke! sxe 
to Fetnemes coke. ore arin 
eae, SPAS GG. 4807 a af 


sca dena edule bug aoimenyh. otgys 0 oti 
h. mr onkeid bus S708d Jhdley ev er oath hi sorted 

SifeddeoM tn nohtefupsh (apa) Aceree WA bie ae | 
“P8 go SAVOY oil e22e"4 ormsbenA bh rotor aod OM WE 


« “ 


prog(i'A ca paberstbagh ofl .thletiagan 4 «pita .9 

has 2bioe, yIs6t aan «9290p 30. met Tata Fam! pals his ee 
blew Horned. nem nt Sétanoae bepnel our BAT Tb eat as ied 
bagneroyS ar ent ihyasbA 37 todagaM: (aba) “srenayaot Au 

atot i Ealota? sq, feast .per is Veeweratre’ s2hsond leata 


feiteyre sian! Ya efoutts aft -qquavh .0 tre wairtade® 2. iezteW 
safede nt wol? uootd. bi -2(ovel Stevieiue no naiewinr pile prs 


fogeiriag? (io! 2 prada /amtac-n(nyen ey eY ae ro oe 


~ShSid pob.uattisrsdes sib Shah Tem 9 aydenraae et Aa Falt 
WHOL. S8S-095 2 aTabeyl gaa ote ch Sia 


qs fuboum vty passtovese 21ogast 31 fodsiet .ba5e-.7 A Dae) aH a 


Sroae. ts ye = UG. fio iow Didowssts as etn id at shuts 


“has ieee bottupi-walt boald . \ parAMAT And bon itou® Hi Mh 4" 
foteynd wl .aA, 3 TSegmy Ferstave +05 pre 
weet seat 


- _ 
< 7 

; > 
mek ie os kp oat at e ; 


or aa mullaahe bere eis 2 ee hag 
" <P se ae m0) wh Pr 


4a 
7 inde te 


109 


Young, V.R. The role of skeletal and cardiac muscle in the regula- 


tion of protein metabolism. In: H.N. Munro (ed.) Mammalian 
Protein Metabolism. Academic Press, New York, vol IV, pp 
586-674, 1970. 


Zimmerman, H.J., C.A. Dujovne and R. Levy. The correlation of serum 
levels of two transaminases with tissue levels in the verte- 
brate species. Comp. Biochem. Physiol. 25: 1081-1089, 1968. 


ast tae ES bs): ofnuM ie 


qq .¥ 


inuyod to not 461 agyon 3h) 


mee" een 


a. =. ao we a | 
6 uper, ‘eft ar ork tt eal 


ov .d0Y Weyl , 2259 


on 


VV . 


4 aha A 


me} ei 
“OXET ae 


a 


®- hie -onvepitl 2AsD gl 


asanay qt ont 2lavel-guzers Astw ‘zeentmagniet wi to 2lsyel 


~ 


,aees ,CauT- rao! 28 1OK2yNe. 


meiaGhS mo) .zetssqe teva 
ae ar R 


ae? 
fw atarord ta 4 7 


_ A} 


' 
* 


110 


APPENDIX I 
REVIEW OF THE LITERATURE 
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REVIEW OF THE LITERATURE 

A large body of evidence now exists in support of the citric acid 
cycle as the major, if not sole pathway in skeletal muscle for oxidation 
of acetic acid residues (from carbohydrates, fatty acids and ketone 
bodies) and of other substrates (amino acids) capable of being converted 
to intermediates of this cycle. But, the functional complexity of the 
cycle, established over several decades of research, suggests that our 
understanding of the basic processes is far from complete. The intra- 
cellular compartmentation of the enzymes and substrates of the cycle, 
specific functions of ie and extramitochondrial portions of the cycle 
and the specific functions of multiple alternative reactions related to 
the cycle intermediates all serve to emphasize the diversity of current 
problems (Lowenstein, 1969; Mehlman and Hanson, 1972). 

The dependence of many biochemical functions in skeletal muscle on 
a few reactions of the CAC has great implication for metabolic regulation 
of enzyme kinetics and concentrations of CAC intermediates. Where a 
metabolite serves as a substrate for two or more enzymes, the substrate 
concentration and relative affinities of the enzymes for the common sub- 
strate are major factors in determining the fraction of the intermediate 
that interacts with each. Neither concentration nor enzyme affinity need 
be fixed. By modulating concentrations and enzyme activities, the pro- 
portion of a branch point metabolite which is metabolized through each 
of the alternative pathways can be caused to vary appropriately with 


changing metabolic needs (Newsholme and Start, 1973). 
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Metabolic conditions appear to dictate the total amount of CAC 
intermediates present in mammalian cardiac muscle (Bowman 1966; Penney 
and Cascarano, 1970; Neely et al., 1972; VonKorff, 1972; Davis and Bremer, 
1973; LaNoue et al., 1973; Safer, 1975), avian skeletal muscle (Krebs and 
Eggleston, 1940; Borst, 1962), insect skeletal muscle (Sackton and Wormser- 
Shavit, 1966; Johnson and Hansford, 1975) and mammalian skeletal muscle 
(Lowensten, 1972a, b; Koziol and Edington, 1975). The fact that these 
changes in CAC intermediate pools do occur and are not merely a re- 
shuffling of CAC contents already present, implies the presence of mech- 
anisms which make possible a net increase or decrease in the contents of 
the citric acid cycle. 
REPLETION OF CITRIC ACID CYCLE INTERMEDIATES. For optimal function in 
the case of increased respiratory demand, the CAC requires both two carbon 
residues from acetyl-CoA and OAA (or any of the dicarboxylic acids which 
may be metabolized to OAA such as malate, succinate, fumarate or aKkG). 
However, an increased rate of acetyl-CoA entry into the CAC cannot result 
in net increases in the total CAC intermediate pool. The condensation 
of acetyl-CoA with available OAA may provide for transient realignments 
of a portion of the CAC intermediates due to re-shuffling of available 
pools and although OAA is regenerated as an overall result of the cycle, 
the emergent carbon structure is not that which entered the cycle as 
citrate. The resultant OAA contains only two carbons of the original 
OAA and the other two are derived from acetyl-CoA. Two molecules of the 
original OAA are lost as C0. per cycle turnover and net additional OAA 
is not produced (Lehninger, 1970). 

Changes in the total cycle intermediate pool therefore requires 


precursors which are themselves not originally part of the CAC. Mechan- 
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isms which may serve this role in a variety of tissues fall into two gen- 
eral categories, carboxylation of di- and tricarbon structures to CAC dicar- 
boxylic acids and metabolism of amino acids to CAC intermediates. 
CARBOXYLATION OF DI- AND TRICARBON SUBSTRATES TO CITRIC ACID CYCLE 
DICARBOXYLIC ACIDS IN MUSCLE TISSUES. In animal tissues, there are four 
known enzymatic reactions which do form CAC intermediates from 3 carbon 
precursors. These pathways involve the enzymes, pyruvate carboxylase 
(Utter and Keech, 1963) (Equation 1), propionyl-CoA carboxylase (Tietz 
and Ochoa, 1959) (Equations 2 and3), phosphoenolpyruvate carboxykinase 
(Utter and Kurahashi, 1954) (Equation 4) and malic enzyme (Ochoa et al., 
1948) (Equation 5). 
@ 
(2 


pyruvate + CO, + ATP == oxaloacetate + ADP + P. 
propionyl-CoA + C0. +) AT Pee methylmalonyl-CoA + ADP + P. 


) 
) 
(3) methylmalonyl-CoA <= succinyl-CoA 
4) phosphoenolpyruvate + C0., + GDP == oxaloacetate + GTP 
) 


( 
(5) pyruvate + CO. + TPNH == malate + TPN 

Present evidence suggest that although pyruvate carboxylase plays 
a major role in liver, kidney and adipose tissue metabolism (Scrutton 
and Utter, 1968), it is generally conceded that this enzyme is very low 
in activity or absent from mammalian muscle tissues (Scrutton and Utter, 
1968; Lehninger, 1970; Mayes, 1971). This has been supported by Ballard 
et_al. (1970) who have found the presence of pyruvate carboxylase in rat 
muscle. However, the activity of the enzyme in rat muscle was only 1% 
of that found in rat liver, kidney and adipose tissue. Lowenstein (1972b), 
in reflecting on this report, has commented that the small activity of 


pyruvate carboxylase in muscle may be an artifact of pyruvate carboxylase 


presence in fat cells within the muscle. Paul (1975) has noted and dis- 
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cussed the inherent technical difficulties of cleaning muscle samples of 
intercellular fat depots. 

While it is generally conceded that propiony1-CoA carboxylase does 
occur in mammalian muscle tissues (Klotz et al., 1970), and that propionyl- 
CoA carboxylase favors methylmalonyl-CoA production in both liver and 
skeletal muscle (Utter 1969, Mayes 1971), the quantitative significance 
of this pathway for net CAC intermediate repletion in muscle may only be 
inferred. Since the pathway favors production of methylmalony1-CoA and 
succinyl-CoA, adequate amounts of propionyl-CoA must be available for 
the combined action of propionyl-CoA carboxylase and methylmalony1-CoA 
isomerase to be effective. One source of propionyl-CoA in mammalian 
tissues is from fatty acids of odd chain length which occur rarely in 
nature (Lehninger, 1970). Inman, only 1 to 2% of the total fatty acids 
in stored lipids are of odd chain lengths (Bartley et al., 1968). On the 
other hand, in ruminant mammals, a large portion of the caloric intake of 
the animal may be accounted for by propionic acid formation by bacteria 
in the rumen (Bartley et al., 1968; Mayes, 1971). Propionyl-CoA can also 
arise from two other metabolic sources, the oxidative degradation of the 
free amino acids, valine and isoleucine. In this regard, one may not 
ignore recent evidence from Goldberg and Odessey (1972) and Beatty et al. 
(1974) who have proposed that the major locale for isoleucine, and valine 
catabolism in the rat is in skeletal muscle. In addition, Odessey et al. 
(1974) have suggested that in vivo metabolism of these amino acids by 
skeletal muscle may account for 14% of oxidative metabolism. 

Phosphoenolpyruvate carboxykinase has been found in substantial 
amounts in liver, kidney and skeletal muscle (Opie and Newsholme, 1967). 


However, recent views hold that the major physiological function OF cnis 
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enzyme in liver and skeletal muscle lies in the direction of decarboxyla- 
tion of OAA with the formation of phosphoenolpyruvate as the important 
metabolic product (Rognstad and Katz, 1966; Gevers, 1967; Utter, 1969; 
Mayes, 1971). This pathway is considered an important link in the bio- 
synthesis of glucose from pyruvate since the thermodynamics of the Embden- 
Meyerhoff pathway do not favor "uphill" conversion of pyruvate to phos- 
phoenolpyruvate by pyruvate kinase. 

Malic enzyme is also widely distributed in mammalian tissues (Utter, 
1969). However, Molé et al. (1973) have reported that in rat skeletal 
muscle homogenates, the level of malic enzyme activity in the direction 
of malate production was quite low (0.69 wumole/g wet weight/min). Aer- 
obic training enhanced this activity by only 50% and these authors con- 
cluded that this pathway was not of major concern in the alternative 
pathways of pyruvate metabolism. A major importance of this pathway 
for gluconeogenesis has been proposed (Utter, 1969; Lehninger, 1970) 
and it is generally accepted that this enzyme has limited activity in 
the direction of malate synthesis in muscle (Bowman, 1966; Davis et al., 
1972)% 

The four enzymatic mechanisms discussed above are the only ones 
which have received serious consideration for CAC anaplerosis from two- 
or three-carbon sources in animal tissues. However, microorganisms and 
plant cells are known to possess three other CAC repletion pathways in 
addition to those noted above. These include the reactions catalyzed by 
phosphoenolpyruvate carboxylase (Bandurski and Greiner, 1953) (Equation 
6), phosphoenolpyruvate carboxytransphosphorylase (Siu and Wood, 1962) 
(Equation 7) and malate synthetase (Wong and Ajl, 1956) (Equation 8). 


(6) phosphoenolpyruvate + C0. af H,0 —»> oxaloacetate + Ps 
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(7) phosphoenolpyruvate + C0, + P. == oxaloacetate + PP. 

(8) acetyl-CoA + glyoxylate ——> malate + CoA 
The key enzymes of these latter 3 reactions have not yet been detected in 
animal tissues (Utter, 1969; Lehninger, 1970). 

The apparent lack of major pathways in mammalian muscle for fixation 
of CO. as a mechanism for converting mono- to dicarboxylic acids, has 
led to the generally accepted theory that augmentation of muscle tissue 
contents of intermediates of the CAC occurs at the expense of the large 
pool of free amino acids in muscle tissues (Safer and Williamson, 1973). 
METABOLISM OF AMINO ACIDS TO CITRIC ACID CYCLE INTERMEDIATES IN MUSCLE 
TISSUES. The catabolic pathways of amino acid carbon skeletons to amphi- 
bolic intermediates of the CAC (Figure 1) in mammalian tissues are com- 
plex, with many multifunctional intermediates leading to branches and 
collateral routes. However, transamination (type reaction: Equation 9 
and Figure 2) or oxidative deamination (3 type reactions: Equations 10, 
11 and 12) generally constitute the initial stages in amino acid cata- 
bolism (Lehninger 1970; Mayes, 1971). These reactions are the mechanisms 
by which the a-amino groups are removed from the various amino acids. 

(9)  a-amino acid + aketoglutarate =— aketo acid + glutamate 

(10) glutamate dehydrogenase 
L-glutamate + NAD’ s== aketoglutarate + NHy + NADH 
(11) L-amino acid oxidase (E-FMN) 
L-amino acid + H0 + E-FMN == aketo acid + NHy’ + E-FMNH, 
(12) D-amino acid oxidase (E-FAD) 
D-amino acid + Hp0 + E-FAD == aketo acid + NHy’ + E-FADH, 
The reduced flavin nucleotides of both enzymes in equations (11) and (12) 


above are reoxidized directly by molecular oxygen (Equations 13 and 14) 
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Figure 1 Pathways of entry of the carbon skeletons of amino 
acids into the citric acid cycle (Lehninger, 1970) 


* essential amino acids of the white rat 
(Lehninger, 1970) 
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Figure 2 The transaminase reaction 
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to produce peroxide which is subsequently decomposed to water and oxygen 
(Equation 15). 

(is) E-FMNH., + OD am E-FMN + Hn0. 

(14) E-FADH, + — E-FAD + HA0, 


(15) 2H0 See ch Oe 0 


2 2 2 

TRANSAMINATION. Studies of transaminase enzymes' distributions and 
activities in various mammalian tissues suggest that the catabolism of 
many of the dietary essential amino acids occurs exclusively in liver, 
whereas an important reaction in the catabolism of many of the nonessen- 
tial amino acids is transamination in muscle (Figure 1). 

Lin and Knox (1958) have reported that the enzymes associated with 
catabolism of the aromatic amino acids, phenylalanine and tryptophan, 
are confined to the liver of "rats". The transaminases for the branch 
chain amino acids, leucine, isoleucine and valine, are present in highest 
activity in kidney, followed by skeletal and cardiac muscle, and is in 
lowest concentration in liver cells of rats (Awapura and Seale, 1952; 
Ichihara and Koyama, 1966; Mimura et _al., 1968). 

The distribution of transaminases for nonessential amino acids is 
widespread in all mammalian tissues (Young, 1970). Liver and myocardium 
of rats are very high in activity of glutamate-oxaloacetate transaminase 
(Equation 16) (Laferte et al., 1963; Zimmerman et _al., 1968; Howarth et 
Almansa) | 

(16) glutamate + oxaloacetate =—= oketoglutarate + aspartate 
However, considerable glutamate-oxaloacetate transaminase is also found 
in skeletal muscle of all species of mammals which have been examined 
(Cohen, 1942), including man (Wrobélewski and LaDue, 1956; Klein and 


Chlond, 1967). In some mammals (i.e., rat, ox and horse), the activity 
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of this enzyme per gram of skeletal muscle tissue is equal to or greater 
than that found in liver (Freedland et _al., 1965; Cardinet et al., 1967; 
Howarth et al., 1968). Glutamate-pyruvate transaminase (Equation 17) 
distribution in mammalian tissues generally exhibits a higher activity 
per gram of tissue in liver than in skeletal or cardiac muscle (Laférte 
et al., 1963; Zimmerman et al., 1968), although this pattern is reversed 
in the horse (Freedland et al., 1965), ox and pig (Cornelius et al., 1959). 

(17) glutamate + pyruvate == a ketoglutarate + alanine 

Muscle constitutes approximately 45% of the tissue mass of the mam- 
malian body, compared to 5% of the mass for liver (Lehninger, 1970). 
For those transaminases of high activity in muscle, the intensity of 
total transamination reactions therefore, far surpasses that associated 
with other tissues (Young, 1971). This can be correlated with studies 
of the degradation of amino acids in various tissues. Miller (1962) 


Adwinistered individual '* 


C labelled amino acids to intact or hepatecto- 
mized rats and also to in vitro perfused liver. Hepatectomized animals 
were unable to convert the essential amino acids, arginine, lysine, 


1409 


threonine, methionine, histidine, phenylalanine and tryptophan to 5° 
However, hepatectomy had little effect on metabolism of the nonessential 
amino acids and also the branched chain amino acids, leucine, isoleucine 
and valine. These findings are substantially similar to reports by 
Aikawa et al. (1973) and Matsutaka et al. (1973) who studied inter-organ 
relationships in amino acid metabolism in intact or eviscerated-nephrecto- 
mized rats and in rat non-hepatic splanchnic organs, both in vivo and in 
vitro. 

Odessey, Goldberg and coworkers (Goldberg and Odessey, 1972; Odessey 


and Goldberg, 1972; Odessey et_al., 1974) have also validated these find- 
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ings with in vitro studies of various rat tissues. Goldberg and Odessey 
(1972) demonstrated that when V4 labelled amino acids were presented 
individually to incubated rat diaphragms, bcos produced by the muscle 
accounted for 38% of the leucine, 36% of the isoleucine, 25% of the 
vadine, 57% of the alanine, 47% of the glutamate and 53% of the aspartate 
taken up. Approximately 5% of the glycine, serine and proline incorpor- 


ated by the diaphragms appeared as cass while no 14 


C0. was produced 
by the other essential amino acids. This is quantitatively similar to 
work by Beatty et al. (1974) with red and white skeletal muscle tissues 
of rats. Alanine, leucine and glutamate catabolism contributed 20% of 
the total carbon dioxide production of both types of skeletal muscle 


and vacOS production accounted for 17 to 51% of the uptake of these amino 


acids. Odessey and Goldberg (1972) have reported the metabolism of Were 
leucine to bacop in various tissues of rats. All tissues were highly 
active in this regard with their proportional activity being 1:1.14:3.86: 
4.41;5.74 in liver, diaphragm, adipose tissue, brain and kidney, respec- 
tively. 

TRANSAMINATIONS AND CITRIC ACID CYCLE REPLETION. The requirement of 
amino acid catabolism for net accumulation of CAC intermediates has been 
most clearly deomonstrated in perfused rat hearts. Metabolic interactions 
of amino acid catabolism with the CAC varies with the inclusion of differ- 
ent substrates in the perfusion mixture. Perfusion with glucose or car- 
bohydrate sources alone (i.e., pyruvate) have resulted in large concen- 
tration increases in the CAC which are attributable to transamination 
reactions. Davis and Bremer (1973) have reported stoichiometric, reci- 


procal changes in alanine and glutamate accompanying 10 fold increases 


in the CAC of rat heart perfused with hyper-physiological pyruvate. 
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Safer and Williamson (1973) have found that net accumulation of CAC 
intermediates in glucose perfused rat hearts was directly related to 
double transaminations of glutamate-pyruvate and glutamate-oxaloacetate 
transaminases. However, Neely et al. (1972) have opposed these results. 
Glucose perfusion of rat hearts at 50 or 150 mmHg perfusion pressures 
resulted in no changes in CAC concentrations with the exception of a 
small malate decrease. Oxygen uptake was enhanced 2.5 fold by glucose 
addition as compared with a substrate free perfusion. However, while 
aspartate and glutamate were assessed in this study, alanine was not. 
Perfusion of rat hearts with acetate, octanoate or the ketone 
bodies, 8-hydroxybutarate and acetoacetate, alone or in combination with 
glucose resulted in a variety of patterns of CAC concentration responses 
and proposed feed-in mechanisms. Bowman (1966) found increased total 
CAC concentrations in rat hearts perfused with octanoate, acetate or 6- 
hydroxybutarate. These changes were not ascribed to fixation of ae 
bicarbonate to pyruvate. 4e-aspartate however, was found to have a 
major effect on increased oxaloacetate and citrate concentrations. Randle 
et al. (1970) found that acetate or acetate plus glucose perfusion produced 
large changes in CAC contents while simultaneous increases in alanine and 
glutamate and decrease in aspartate were recorded. 4e-acetate perfusion 
resulted in rapid isotope equilibration between oKG and glutamate but 
not between malate and aspartate. They concluded that glutamate-pyruvate 
transaminase is near equilibrium in rat heart while glutamate-oxaloacetate 
is slow in the direction of oxaloacetate production. The cause of the 
latter phenomenon was unexplained. Neely et al. (1972) examined glucose, 


glucose plus acetate and acetate perfusion of rat heart. In contrast to 


glucose and glucose plus acetate perfusion, where small CAC content changes 
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were noted, acetate alone resulted in marked increases in citrate, malate 
and glutamate, while aspartate decreased. These findings led to the con- 
clusion that changes in the CAC associated with acetate perfusion, either 
alone or in addition to glucose, were not specifically concerned with 
regulation of CAC concentrations for optimal CAC flux, but were of ut- 
most importance for regulation of glycolysis. The inhibitory effect of 
increased citrate concentration of phosphofructokinase was discussed. 

Davis and Bremer (1973) have concluded that CAC intermediates are 
produced in 3 different reactions in rat heart under varied conditions 
of substrate availability (substrate free, pyruvate, acetate or aceto- 
acetate). They suggest that alanine, glutamate and aspartate concentra- 
tion changes are required for CAC content adjustments. However, CAC 
repletion was also partially under control of other pathways involving 
the branch chain amino acids. These pathways did not, however, require 
ammonia production and could occur in the face of decreased alanine and 
aspartate concentrations. 

At an early stage in catabolism of most amino acids in skeletal and 
cardiac muscle the o-amino group is enzymatically removed by transamin- 
ation to oKG or OAA. In such reactions, the amino group is transferred 
to the oketo acid substrate, leaving behind the corresponding oketo acid 
anatog of the amino acid and causing amination of the oketo acid acceptor. 
For, aKG and OAA, these are glutamate and aspartate, respectively. 

It is clear from an inspection of the carbon stoichiometry that a 
simple transamination between any amino acid and an aketo acid of the 
CAC cannot give rise to a net increase of cycle intermediates. While 
the carbon skeleton of the deaminated amino acid may be subsequently 


catabolized in the CAC, a dicarboxylic acid of the CAC provided a sub- 


dtfw berganas- yl leat Tiseqe ton axa ‘axle of nottthbe. pt 10 
~ty, to syow Sud Mot? DAD fsmidqo yay znolsbysnsones 040 to 
3@ Fostte yiodidtiay ant ereviongte to -dofes!upst ot vonetrwant 4200 
“paedlvertsickn azenttadsuntadgeodg “anak serenbanda 8783919 peesetant 
sige gatetbanati? 3Ad seat babuladap; ever (E%O7) vemad bro ehved) 9 
snore thnos. balay Wbol P49 sal nt enotigss? sneiettib & of Besubow, 
“DI99b, 1 388996 Ste VIVE rt, os witedue) ustitdel tava sdartedug jo. | 
seyineonad sialisces bos senatiigsoninals Sans, Seaggue yatt- .(s3st836, 
SAD .ssvewol w2dnenc auths sfetuod JAQ sot bexhepet 9% aspera morta” 
prtvfovat 2yswdl at tetto To! Fovsned asbat VT Peta sy otis ew noktelgan: 77 
attwes ys iovswor ston Oth sVewiitsg Seon) “chhas, Ont fetta donsvd sad er 
ine ontnels boesavoeb 70 sont sed +b award bTued BAB OT ebOn AnOnnS 
eno 1a VINOD eistvages— 
bas Teaasade nt hiss onrmas denn to aa nt spate“iine ae TA f 
-nkmasnnng vi havo yi ts. leennsns 27 WWO'VD ontnie- ota san 28h 
teyvetznnid 2t dua ontmesan) \,2netiasey ywave 1 AAD 10 Bie of Op%K  - 7 
tom ofan Sontbroces vies, fd initial anrvasl .o) izesuesbtee aay, 


es 


ae 


nodheoas DISS ofsae ‘ond. Fo nofInntis graves HME bis “ont tin site to 
Afavis2sq2st .2teteg2p bos sremesvly. ors ea bas a 

& tatit: Apdaninttatos2 Hodye> SH2 to nGttasgent s Acie: 

: 9 iggsdehanee poartece hn ahi 
| — — ; Nix! _ EP Me pene 7 


i? v a3 : - 


| . | . + ox ? a ict as 7 an 
Cc : i” 2 : 


tee 


strate for the reaction to occur. 

Subsequent transamination involving glutamate-oxaloacetate or 
glutamate-pyruvate transaminases may result in the collection of the 
amino groups of the various amino acids as the amino group of glutamate, 
alanine or aspartate. This sequence of possible transaminations has led 
to the proposal by Davis et al. (1972) and Safer and Williamson (1973) 
that coupled transaminations involving glutamate-pyruvate transaminase 
provide a major mechanism for replenishment of CAC intermediates in 
muscle. Davis et al. (1972) suggested that those amino acids which have 
corresponding high transaminase enzyme levels in muscle (i.e., leucine, 
isoleucine and valine) may also couple with glutamate-pyruvate transamin- 
ase and through subsequent reactions yield a net repletion of the CAC 
(Equations 18, 19 and 20). 

(18) amino acid + o ketoglutarate <= CAC-carbon skeleton + glutamate 


(19) glutamate + pyruvate —— a ketoglutarate + alanine 


(20) net: amino acid + pyruvate —— CAC-carbon skeleton + alanine 

Safer and Williamson (1973) suggested that based on evidence of re- 
ciprocal concentration changes of the amino acids glutamate, aspartate, 
alanine and CAC intermediates OAA, citrate, malate and oKG in rat hearts, 
a coupled effect of glutamate-oxaloacetate and glutamate-pyruvate trans- 
aminases is also supported (Equations 21, 22 and 23). 

(21) aspartate + cketoglutarate =— glutamate + oxaloacetate 


(22) glutamate + pyruvate —— a ketoglutarate + alanine 


(23) net: aspartate + pyruvate <= oxaloacetate + alanine 
However, it should be noted that in contrast to skeletal muscle where 


increased metabolic demands produce greater intramuscular concentrations 
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of aspartate and less free glutamate (Borst, 1962; Edington et al., 1973; 
Koziol and Edington, 1975), rat heart muscle demonstrates greater gluta- 
mate concentration and decreased aspartate concentration (Bowman, 1966; 
Randle et al., 1970; Davis and Bremer, 1973; Safer and Williamson, 1973). 
Since inferences based on concentrations alone can be misleading, little 
Significance can be attached to this phenomena, though it would appear 
that the demonstration of coupled transaminations in rat heart as pro- 
posed by Safer and Williamson (1973) bears careful scrutiny in skeletal 
muscle. 

Nonetheless, bearing the stoichiometry of transamination pathways 
in mind and considering the abundance of evidence for amino acid catabo- 
lism to CAC intermediates in skeletal muscie, these suggestions must 
be considered as a primary scheme for CAC repletion. 

Evidence of a qualitatively similar nature to that mentioned above 
has been provided for CAC repletion from amino acid transaminations in 
insect flight muscle (Sacktor and Wormser-Shavit, 1966; Hansford and 
Sacktor, 1970; Hansford, 1975; Johnson and Hansford, 1975). However, 
the vast generic difference between mammals and insects contraindicates 
in depth comparison of precise metabolic interactions in the two genera 
and the above reports will not be enlarged upon here. 

Similar evidence is notably lacking for skeletal muscle of higher 
vertebrates though inferences of such events may be derived from several 
lines of research. In general, increased metabolic activity is associated 
with increased concentrations of selected CAC intermediates in avian 
(Borst, 1962) and rat skeletal muscles (Edington et al., 1973; Koziol 
and Edington, 1975). However Graham et al. (1974) have noted decreases 


in OAA, succinate and malate between initiation and 7 min of exercise in 
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dog gastrocnemius muscle. None of these studies have reported the total 
balance of CAC intermediates in the muscle under study. However, the 
selected CAC intermediates reported for each muscle varied predictably 
with knowledge of fiber composition and duration of exercise. For in- 
stance, the fact that Graham et al. (1974) observed decreasing concen- 
trations of OAA, succinate and malate in contracting dog skeletal muscle 
before 7 min, is supportive of evidence suggesting transient realignments 
of some CAC concentrations to support the malate-aspartate shuttle (Figure 
3) during early exercise (Safer, 1975). Dog gastrocnemius muscle is 

known to produce large quantities of lactate hae the initial 3° to 5 
min of exercise but, thereafter, lactate formation declines steadily as 
exercise is prolonged (Hirche et al., 1971). Therefore, though Graham 
et_al. (1974) did not report amino acid dynamics associated with observed 
trends in the CAC, this does not necessarily preclude simultaneous ana- 
plerosis from amino acids (LaNoue and Williamson, 1971; Safer and William- 
son, 1973; Safer, 1975). 

Studies of the balance of amino acid metabolism in human skeletal 
muscle all support the preponderance of alanine output from muscle rela- 
tive to all other amino acids (Carlsten et al., 1962; Felig and Wahren, 
1971a, b; Ahlborg et al., 1974; Ellis et al., 1974). Felig and Wahren 
(1971a, b) have demonstrated that alanine efflux from human muscle accounts 
for 30 to 45% of the total nitrogen lost from the muscle at rest or during 
exercise. It was also shown that in mild, moderate and severe exercise, 
alanine output from leg muscles of men increased proportionally with the 
work done (55%, 90% and 500% above resting values respectively). More 
recently Ahlborg et al. (1974) have reported that men exercised for pro- 
tonged periods of time (4~hr), produced alanine from their leg muscles at 


a rate which increased with exercise duration. Alanine output was 3 fold 
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over resting values after 4 hr of activity. The proportion of total 
amino acid balance accounted for by alanine in each of the above cases 
(Felig and Wahren, 1971a, b; Ahlborg et al., 1974) far exceeded the 
occurrence of alanine in muscle protein and thus de novo synthesis of 
alanine from glutamate-pyruvate transamination was suggested. This 
suggestion finds support in the work of Pozefsky and Tancredi (1972) 
where intrabrachial administration of hyper-physiological pyruvate to 
human forearm tissues resulted in marked outputs of alanine and uptake 
of the branched chain amino acids. Other amino acids were unaffected. 
It was suggested that with pyruvate as an amino group acceptor, facili- 
tation of branch chain amino acid oxidation was achieved. 

The efforts of Molé et al. (1974, 1975) also support glutamate- 
pyruvate transamination in human muscle. Mole et al. (1974) have con- 
cluded that alanine production of working human muscle is at least 
partially derived from transamination of pyruvate. Alanine output was 
shown to be highly related to the rate of glycolysis, lactate production 
and workload relative to the maximum aerobic capacity of untrained men. 
This report was further elaborated by comparisons of trained and untrained 
men during work at different percentages of their respective maximum 
aerobic capacity (Molé et al., 1975). Of particular interest in the 
latter study was the finding that for a given relative workload, the 
muscles of trained men oxidized more fats and less carbohydrate, produced 
less lactate, equal amounts of pyruvate and greater quantities of alanine 
than untrained men. Since glycolysis occurred at similar rates for a 
given relative workload in trained and untrained men, greater alanine 
production was therefore associated with greater oxidation of fats. The 


suggestion that greater net input of okG from glutamate-pyruvate trans- 
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amination to the CAC in trained men was not discussed. However, it 
seems clear that adaptive responses in metabolism due to training may 
provide for greater repletion of the CAC through this transamination. 
The appropriatemess of the above authors! interpretations of meta- 
bolic events, based on amino acid balances in humans, has been verified 
in numerous studies of rat skeletal muscle tissues, in vitro (Goldberg 
and Odessey, 1972; Hider and Meade, 1972; Odessey and Goldberg, 1972; 
Ruderman and Lund, 1972; Beatty et al., 1974; Grubb and Snarr, 1974; 
Odessey et al., 1974), in situ (Aikawa et al., 1973; Matsutaka et al., 
1973) and in vivo (Lefebvre et al., 1972). These investigations have 
revealed, among other things, that alanine and glutamine are released 
in quantities far greater than would be expected on the basis of their 
content in muscle protein (Lefebvre et _al., 1972; Ruderman and Lund, 
1972; Aikawa et al., 1973; Matsutaka et al., 1973). Further, provision 
of 14 
of 


C-carbohydrates to rat skeletal muscle results in a rapid production 
140_alanine (Hider and Meade, 1972; Grubb and Snarr, 1974; Odessey 
et al., 1974), thereby, indicating the function of glutamate-pyruvate 
transaminase in the direction of alanine and a KG production. This is 
consistent with the report that glutamate-pyruvate transamination is 
reversible in muscle with a Michaelis constant of this enzyme, for both 
glutamate and pyruvate, being within the range of their concentrations 
in muscle (Young, 1970). Therefore, perturbation of the concentrations 
of either of these substrates should enhance alanine synthesis. 

Although some reference has already been made to the work of Odessey, 
Goldberg et al. in this review (pp.119), further elaboration of their 


reports provides substantial evidence in support of coupled transamina- 


tions in skeletal muscle. Skeletal muscle of rats metabolizes large 
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amounts of the branched chain amino acids, valine, isoleucine and leucine 
(Manchester, 1965; Goldberg and Odessey, 1972; Odessey and Goldberg, 1972). 
While the carbon chain of these amino acids was known to be degraded to 
C0. by muscle, the fate of the amino group was not clear until Odessey 
et al. (1974) reported that the amino groups released on oxidation of 
the branched chain amino acids, could account for all nitrogen recovered 
in alanine. Rat diaphragms were incubated in mediums containing glucose, 
with or without branched chain amino acids. The presence of branched 
chain amino acids consistently increased (by 50 to 100%) the release of 
alanine and glutamate, In contrast, other amino acids at twice their 
normal physiological concentrations, failed to affect alanine or glutamate 
production. A similar result was established with ammonia or adenine 
inclusion in the incubation medium, thereby demonstrating that amination 
of pyruvate was not occurring. 

It is unlikely that the branched chain amino acids donate their 
amino groups directly to alanine. Odessey et al. (1974) have therefore 
Suggested that the most likely mechanism for alanine production involves 
double transaminations of the type proposed by Davis et al. (1972) (Equa- 
tions 18, 19 and 20). 
OXIDATIVE DEAMINATION. As stated earlier, the pattern of amino acid meta- 
bolism in mammals is one where the amino groups of the various amino acids 
are collected by the action of transaminases, thus ultimately appearing 
as the o-amino group of glutamate. Therefore, glutamate dehydrogenase 
(Equation 10) must be considered the key deaminase of mammalian tissues, 
particularly since glutamate is the only amino acid having a specific, 
highly active dehydrogenase (Lehninger, 1970). While L-amino oxidase 


and D-amino oxidase may be present in mammalian liver cells, they are of 
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very low concentration and only weakly active (Lehninger, 1970). 

Comparison of organ distribution and activity of glutamate dehy- 
drogenase has shown that this enzyme is of highest activity in liver, 
intermediate in kidney and brain, low in many other tissues and virtually 
absent in skeletal muscle (Lowenstein, 1972a, b). Adenylate deaminase 
(Equation 24) activity on the other hand is 60 fold higher in rat skel- 
etal muscle than liver (Lowenstein, 1972a, b). 

(24) adenosine monophosphate + HA0 —» inosine monophophate + NH” 

The fact that ammonia production by skeletal muscle is proportional 
to the work performed (Parnas et al., 1927), has led Lowenstein and Torn- 
heim (1971) and Lowenstein (1972a, b) to propose the purine nucleotide 
cycle (Figure 4) as an important source of amphibolic intermediates of 
the CAC. Strong evidence in support of this cycle was elaborated by 
these authors, however, quantitative analysis of the activity of this 
cycle in CAC repletion was not provided. Keul et al. (1972) felt that 
from the physiological point of view, the amino group donation by aspar- 
tate for reamination of inosine monophosphate back to adenosine monophos- 
phate was much more important than a supply of dicarboxylic acids to the 
CAC. This was related to brief intense exercise where a rapid breakdown 
and resynthesis of ATP must occur. One rapid mechanism for regenerating 
ATP is catalized by myokinase, leading to AMP formation. AMP is then 
deaminated to inosine monophosphate by adenylate deaminase. Since am- 
monia is generated, the process is irreversible and reamination must 
occur by the subsequent steps of the cycle. Thus, the amino group of 
aspartate is used to rapidly reaminate inosine monophosphate and the fu- 


marate produced may be further oxidized in the CAC. 
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(a) adenylosuccinate 


NH 


& + 


guanosine diphosphate(GDP) + P. 


aspartate + guanosine triphosphate(GTP) 
inosine 
monophosphate 


+ 
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Net: aspartate + GTP + HA0 —» fumarate + GDP + P. + NH 


Figure 4 The purine nucleotide cycle (Lowenstein, 1972) 
The enzymes in the cycle are : 
a) adenylate deaminase 
b) adenylosuccinate synthetase 
(c) adenylosuccinase 
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TABLE 1 Nutritive Contents of Burger Bits (Standard Brands, Montreal) 


Guaranteed Analysis 
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Ingredients 


Ground corn, meat and bone meal, soybean meal, wheat 
middlings, animal fat - preserved with B.H.T., beef 
hydrolysate, dried beet pulp and/or tomato pomace, 
dried whey product, trace mineralized salt, soybean 
oil potassium chloride, iron oxide, vitamin B-12 
supplement, vitamin A and E supplement, vitamin D 


supplement. 
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APPENDIX III 
PHOTOGRAPHIC PLATES OF THE PREPARATION 
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Pidure |: 
The surgical exposure of the gastrocnemius muscle revealing related blood 


vasculature and the truncated sciatic nerve 


Figure 2. 


The venous blood flow catheter in place and spatial fixation of the femur 
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Figure 3. 


An arteriogram of the isolated, in situ gastrocnemius muscle 
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Figure 4. 
The mounted leg preparation revealing spatial fixation, the tension 
measurement system and the support of the mass of the partially severed 


foot 


Figure 5. 
The mounted leg preparation revealing placement of the perpetual saline 
drip, the stimulating electrodes and the needle-drain of the cavity 


underlying the gastrocnemius muscle 
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Figure 6. 


The isolated calcaneus linked to the tension measurement complex 


Figure 7. 
The externalized venous blood flow system, the flow probe and the venous 


Sampling valve 
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Figure 8. 
The tension measurement system revealing the leaf-spring linked in 


series to the displacement transducer 


Figure 9. 


The freeze clamp tongs, actual size 7 inches 
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APPENDIX IV 
REPRESENTATIVE DYNAGRAPH RECORDS 
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APPENDIX V 
NOMOGRAM 
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Clinical Diagnosis by Lab. Methods Radiometer 


Scand. J.Clin. Lab. Invest. 


Todd - Sanford Davidson & Henry page 667 
17: 515, 1965. 


Saunders - Philadelphia, London, Toronto 
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APPENDIX VI 
DESCRIPTION OF INDIVIDUAL DOGS 
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Age Weight Assigned 
Dog No. (yrs) Sex (Kg) Breed Condition 
SO eee ee ee eee 
42 1 F ZIGL Collie (X) M20 
43 iy M 22.9 Labrador (P) M65 
44 ‘lL F PROS German Shep (P) $20 
45 af F URS German Shep (P) M20 
46 1 F 14.6 Labrador (P) S65 
47 7, M 22.4 German Shep (X) M65 
49 & M 22.0 Collie (@) M65 
50 2 M IN hs German Shep (P) M65 
eel ub M 15.3 Grey Hound (P) S20 
52 2 M 27.0 German Shep (P) S65 
bys 3) F ZO0Re Hound (X) M65 
54 1 M VERS) German Shep (X) M20 
INS) 8 M 2356 German Shep (X) S65 
Di al F ZOR0 Collie (X) M65 
58 2 M Zone German Shep (X) $20 
59 5 M 2328 German Shep (X) M20 
60 a M 20 55 Labrador (X) M20 
61 2 F 245 German Shep (X) S65 
62 Z. M 2350 German Shep (P) $20 
63 3 F 20.6 German Shep (X) S20 
64 ul F 277.0 German Shep (X) S65 
65 il M 24.0 Samoyed (X) S65 
66 6 M 26.7 Golden Labrador (P) M20 
67 4 F ARS Beagle (P) S20 


i 


TABLE 1 Age, sex, Weight, breed and assigned 
experimental condition of individual dogs 


* Predominent breed characteristic is noted; P = pure breed parentage, 
X = mixed breed parentage. 
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APPENDIX VII 
PREPARATION VIABILITY DATA 
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SAMPLE INTERVAL 


PARAMETER GROUP REST Seman 60 min 
emer eee ee eee) Se ee eee ee ee eee eee 

Arterial M20 0.92 (0.10) OVS (0 als) 
[Alanine] M65 O59 25 COmLT ) 0.89 (0.14) 
(uM/m1) $20 A COE H I) OS97 (0.19) 

S65 1.03 (0.16) 0.85 (0.15) 
Arterial M20 0.15 (0.03) On12* O02) 
[Lysine] M65 0.11 (0.02) Oni 2s(0202) 
(uM/m1) $20 0.20 (0.06) 0.17 (0.04) 

S65 0-13 “COR02) On11 (0202) 
Arterial M20 . 0.06 (0.01) 0.06 (0.01) 
[Glutamate] M65 0.06 (0.01) 0.05"(0. 005) 
(uM/m1) $20 0.07 (0.01) O05 COs01) 

S65 0.06 (0.01) 0.05 (0.01) 
Arterial M20 0.013 (0.001) 0.011 (0.002) 
[Aspartate] M65 0.013 (0.002) 0.011 (0.001) 
(uM/m1) S20 0.013 (0.001) O20 Li SCO2 002) 

S65 0.016 (0.001) O2012" (OT00L) 


TABLE 2 Arterial amino acid concentrations 
at the specified sample intervals: 
Mean (SEM), n=6. 


_ 44 : 
| 4) a One 4 et 
7 a 


SAveRNAT mueAe 
ated, atm ©4. 


; (6550) #1.0 
(Aba) 28,0 oa 


(ef.0) veo oat : 
(27,0) 28.0 ee 
: 
($0.0) £2,0 secs o£ ; 
a) Sp,0 : 
es (66,0) D1. «a, + a8,0 
(80-0) 11.0 0), EL,0 
: 
616.0). 40.0 
(206.05 &¢.0 oan 
(£0.00) Ci.8 
(s06.0) 140.0 
¢i00,0) 14a 
(200.0) 1{6,0 


(100.0) 20.0 


154 


(SO°O > d) ontea Zutjser BZuTpuodseii0d WorAy JustezTJTp ATIUeOTITUSIS y 


*g=u 
‘(WHS) UeoW :sTeArojUT oTdues petytoeds oy} 3e sutejzoid 
eusetd pue 3{TAIORZeEWUSY SUTGOTZOWBY TeTA9qAe [eAOWdYy € FIavL 


(€€°0) OF °F (92°70) 0S" 4 (O€°0) S6°” (82°0) L6°% (Ocr 0) 8675 c9s 
(EE 0) S657 (EEO) £27 Ozs (% ws) 
¥(9Z°0) S8°E ¥(9t7 0)" OF? Y (Te 70) 0F° 7 (61°0) €6°% (GAZ ONE al) CON sute}01g eusetg 
(0Z°O) Z@I'4 (ZE20) Lay OZ Tepieqiy 
(CS 7) 0S 4C% Te" 2.00" 77 CLE5 OC) 05264 (S¥°Z) OS°94 (68°7) €€°L¥ 69S 
(9T°€) OO0°EY (E272) 00°97 OzS (%) 
(2850) 0G.207 (80°C) ol Ly C16. De Listy (C0027) 29 Ly COORAY LEN ay, COW 47190} eusy 
(6G21) 200 cy (CT°T) L9°€% O7N Tetaeqa1y 
(68°0) ZO°¥T (78°0O) 8S°7T (68°0) L6°%T COOSD)eecacit (£6°0) ZS°ST c9S 
(78°00) Cie Vt G6°0) S9°7T Ozs (% w3) 
(O07 "Gc cL (6L°0) 8S°€ Cis Oe cSe er (L£L°0) Z9°€T (89°0) LI°vT COW uTqoOTZowayq 
(9€°0) 88°ET CASO) erage is O7N TerTireqly 
uTW Q9 uUTW QY urTW QZ LEWC LSau anouyd WALAWVUVd 


TIVAMHINI WIdNVS 


Bet 
1 ete 
BREE 


cuaal@: bas <2i5otam .atdolgous Jarrorss fersaet- € Star 
yfWGS) exeM telsveedat olqmee bol itoege aly ae antsinIg 
a= 


(29.0 > qh eblew gales: gotScodestios met) amete tito 5 


195 


(SO°O > d) onTea Butjsel BuTpuodsseii10D WoAF JUSASFFTp ATJUeDTITUSTS x 


g=u ‘(WaS) uPeeW 
:STeAAsjuT eTdues petytoeds oyj ye yd TetTiseqzAe pue 


uazhkxo JO saainsseoid Tetqied snousa pue TetTszsqiAy 4 FIAVL 
EMGMO MODY (xe ay ¥#(10°0) 6072 ClOr O)) TE 2 (TOO) Ee <2 ClO O)mNSerL c9s 
C10" OCC az C100) MOG OzS 
(Z0°O) ¥2°L GLO0) S72 (TOO) ec 2 COO) 760.7 E020)" 62 <L COW 
(20°70) "See Z (20° 0) 06-2 O7W Hd [etrzeq1y 
CLE BE) £90 GS RCO) SLY ICC (T7007 7c (CS S990 7c (SZ°7) 86°6E c9s 
(TEE) 10S 7¢ SPQ) MES yy) 0zS (yum) 
(77° 1) -€0°€E (6527) SETS ce (GCec) eC 05 (66°T) LY°O€ (€Z°7) 72°74 COW Fon 
(S022) 28 8c 70°€) SS°OY OZ Ord 
(75°14) SC-EOT (¥0°S) c¥°90T (80°) €f°ZOT.) (61°24) 00° SOEs (28°8) 29°06 G9s 
(Z€°9) SZ°se Col eG 78 0zS (Spm) 
(/T° 2) S0°86 (€€°L) 88°86 CE EG LOG (TS°2) 02°66 (ZL£°L) €9°96 69 W — 
(40°8) SE°OOT (€0°8) SZ°66 OZN O'd 
uTW Q9 UTW QH uTW QZ UpW GT LSaY dnoud YALINVUV d 


TVAYHINI ad'IdWNvs 


‘ 


156 


‘9 = u *(WHS) ueeW 
:STPALAIUT oTdwes petjroeds ayq 4e seansssaiad 
DTTOIseTp pue ITToIsks Tetsjseqae ptTzoIeD) CG AIAVL 


(e6 7) (0056) (9877) (00'S) (cS) Crs) 
EES) 949°¢S5 00° 7S" OG 7S £8 s6 ee 098 S95 


CEG) COL Se) ee 95 2) 
Es-2y O00°0S  €8°0S 0zs 


(OLS) (ZE-£) (9T°Z) (78 °T) (62° T) (C7 @) 
LT 4 €€° 7H 00°74 €8°LY LT°9% €€°9 SOW 


( 3Hum) 
(98° +) (8¢° 4) (64°) eansseig ITTOIsetg 
L9°9% €€°SY £9°67 OW Tetieqazy prio1e9 
(€z°S) (89°S) (S8°S) (¢7°S) (TS°S) (29-G) 
00°68 L9°06 €8°06 00°26 0S °Z6 OS*€6 S9S 
(€Z°Z) (80°Z) (62 °T) 
LT°88 LT°88 LT°06 =§=6©0zS 
(9T° 4) (9T°+) (9T* +) (9¢°€) (76°7) (€7° 7) 
LT°08 €8°78 €8°78 £T°S8 €£°98 OS'”8 SON (3qum) 
(82° 4) (6€°) (70° 7) eansseig ITTO SAS 
LT°S8 €e°78 €8°88 OZ2N Tefrzeqazy przo01e9 
ulm ¢g utwoQg UW OY ulm QZ uUtTU CT LSau dnoud WALANVAVd 


TVAMHINI YFTdNVS 


a 


aifsa#atb Eee atioseye Iatastap blagze2 a 
(abeasinbslqnet batttseqe of ta : S Wee eae! 


o> fF 70 


157 


. “9g =U 
‘(WAS) UPOW :sTeArojUT oTdwes potstoeds oui je 
Ssoinjeiodwe, [e901 pue quowjAeduod sTosny 9 ATAVL 


(00°0) (00°0) (00°0) (8T°0) (8T°0) (00°0) 
ET 6 8T°6E GE°6E 0” 6E 0” °6E fe ot S95 


(9Z2°0) (9Z°0) (8T°O) 
€0°6€ €0°6€ OT’6E OZS 


(8T°0) (8T°0) (00° 0) (8T°0O) (8T°0) (92° 0) 
LODGE £07 6c SLT 6e 80°6€ 80°6E LO°6€ SOW 


(8T°0) (8T°0) (Zes0) Cae) 
LE Se O8°8t L6°8E OCW eanjereduey, [TeII0y 


(8T°0O) (8T°0) (8T°0) (8T°O) (92°0) (00°0) 
€£°6E GEES 09°6€ €9°6€ €S°6€ €9°6€ S9S 


(8T°0) (8T°0) (8T°0O) 
G2 Ve Ge°6E cO°6E€ O25 


(97°0) (9Z°0) (8T°0) (97°0) (9Z°0) (8T°0) 
L6°8E L6°8E€ LZ°6€ O€°6E 8Z°6E O€°6E SOW 


(8T°0) (8T°O) (Z6°0) (9,) eanjeredusy 
€8'sE C8°SEe L6°8E OCW Juewj1ieduo) sTosny 


Uru Co” UEt 09 Ure Oo UrtOd ufw cT LSaa dnhodd Ya LANVAV d 


TVAYHINI YWIdNVS 


EO LD (00.0) 


te ee 


158 


APPENDIX VIII 
HISTOCHEMICAL MICROGRAPHS 
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Figure 1 
Micrographs of serial sections from right resting muscle (medial head) 
(Magnified 160X) 
1. NADH Diaphorase 


2. Myosin ATPase 


3. Periodic Acid-Schiff 
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Figure 2 
Micrographs of serial sections from left stimulated muscle of the M20 
group (Magnified 160X) 


1. Myosin ATPase 


2. Periodic Acid-Schiff 
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Figure 3 
Micrographs of serial sections from left stimulated muscle of the M65 
group (Magnified 160X) 


1. Myosin ATPase 


2. Periodic Acid-Schiff 
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Figure 4 
Micrographs of serial sections from left stimulated muscle of the S20 
group (Magnified 160X) 


1. Myosin ATPase 


2. Periodic Acid-Schiff 
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Figure 5 
Micrographs of serial sections from left stimulated muscle of the S65 
group (Magnified 160X) 


1. Myosin ATPase 


2. Periodic Acid-Schiff 
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APPENDIX IX 
CORRELATION COEFFICIENTS 
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perimental Parameter 


Oxygen uptake of the muscle 


- Muscle free aspartate concentration 


Muscle 
Muscle 
Muscle 
Lysine 
Alanine 
Glutama 
Asparta 
Pyruvat 
Lactate 
Glucose 
Muscle 
Carotid 
Carotid 
Free fa 
Femoral 
Femoral 
Femoral 
Femoral 
Femoral 
Femoral 
Femoral 
Femoral 
Femoral 
Femoral 


Femoral 


TABLE 1 


free glutamate concentration 

free alanine concentration 

free lysine concentration 

arterial-venous difference 
arterial-venous difference 

te arterial-venous difference 

te arterial-venous difference 

e arterial-venous difference 
arterial-venous difference 
arterial-venous difference 

blood flow 

arterial systolic pressure 
arterial diastolic pressure 

tty acids arterial-venous difference 
arterial glucose concentration 
arterial pyruvate concentration 
arterial lactate concentration 
arterial free fatty acids concentration 
arterial alanine concentration 
arterial iysine concentration 
arterial aspartate concentration 
arterial glutamate concentration 
arterial hemoglobin concentration 
arterial hematocrit concentration 


plasma protein concentration 


Numerical designations of 
the correlated parameters 
found in Tables 2, 3, and 4. 
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